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. acid and /3i,d'/V-acetylgluCDeannine groups, is present in vertebrates ae well as a few pathogenic bacteria. Studies of infected 
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outside of the chlorella cell wall by 15-30 mm postinfection; by 240 min postinfection, the infected cells are coated with a 
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INTRODUCTIOM 

Hyaluronan, also called hyaluronic acid, is the least 
complex member of the glycosaminoglycsn family, which 
also Includes heparin* heparan sulfate, chondroUin, and 
keratan sulfate. The latter members of this family are 
highly sulfated and typically exist as a proteoglycan (i.e,. 
covalently attached to a core protein). Hyaluronan, how- 
ever, is a simple linear polysaccharide chain composed 
of alternating /314-gfucuronic acid (GIcA) and J31,3-A/- 
acetylgiucosamine (GlcNAc) moieties that can reach mo- 
lecular masses of up to lO' kOa (—25,000 disaccharldes) 
(Hascal! eta/., 1994; Laurent and Fraser. 1992). Hyafuro* 
nan is a ubiquitous constituent of the extracellular matrix, 
particularly of sofl connective tissues in vertebrates (Lau- 
rent and Fraser. 1992), Hyaluronan Interacts wfth pro- 
teins such as CD44 (Aruffo &t aL 1990; Culty ef a/., 1990; 
Miyaka et ai., 1990), RHAMM (Hall et eL, 199S; Hardwick 
et ai, 1992). and BEHA8 (jaworski ef ai, 1994). Conse- 
quently, this polysaccharide influences the growth and 
migration of cells in such diverse processes as embry- 
onic development (Toofe. 1991), oocyte maturation (Sa- 
lustri et at, 1990), angiogenssis, wound healing [Wester 
a/., 1985), and tumor progression (Sherman et ai, 1994). 
In contrast to other glycosaminoglycans, which &re as- 
sembled as they traverse the endoplasmic reticulum and 
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th© Golgi stacks, hyaluronan is synthesized by an en- 
zyme located on the inner surface of the plasma mem- 
brane (Philipson and Schwartz, 1984). Hyaluronan syn- 
thase (HAS) adds sugar residues from UDP-GIcA and 
UDP-GlcNAc. In animal cells, hyaluronan is transferred 
to the periceJIular space. 

Extracellular capsules of a few pathogenic bacteria 
such as group A and C Strsptococcus spp- and Pasteu- 
refia rr}uitocfda also contain hyaluronan (Carter and An- 
nsu, 1953; Kass and Seastone. 1944). Because hyaluro- 
nan, a host component is not normally immunogenic, the 
capsule serves as a. molecular camouflage protecting 
the microbes from phagocytosis and complement fixa- 
tion during infection (Husmann et&f., 1997; Schmidt etaL 
1996). 

While sequencing the 330,740-bp genome of the 
algal virus P8CV-1 (Kutish et a}., 1996; Lf et aL, 1995. 
1997; Lu ef aL 1995. 1996), we discovered that this 
virus contains an open reading frame (ORF) (AQSR) 
that encodes a protein with similarity to both verte- 
brate and bacterial HAS enzymes. The PBCV-1 has 
gene was expressed In Escheriohia aolf\ and the re- 
combinant protein was an authentic, membrane-asso- 
ciated HAS (DeAngetis et aL. 1997). Landstein et ai 
(1998) demonstrated that PBCV-l encoded ty^o other 
enzymes, glutamine;fructose-6-phosphate amidotrans- 
ferase (GFAT, ORF A100R) and UDP-glucose dehydro^ 
genase (UDP-GlcDH, ORF A609L). that produce sugar 
precursors (gfucosamtne'6-phosphate and UDP-glu- 
curonic acid, respectivefy) required for hyaluronan 
synthesis. In the current work, we monitor the expres- 



15 



0042-6822/99 $3U.O0 

All rif}h[3 of r^producllon in any laem retiEirucid. 



16 



GRAVES ET AL 



10 15 30 60 <jO l20 180^300 




P N A 



B 




a 9kb) 



(1.0 kb) 



P N A 



D 



P N A 



E 



-udp-glcdh 
(t2 kib) 



p.6 kb) 



FIG. 1. Morthem blot analysis of the accumulaTion of has, gfat, and 
udp-gfcdh mRNAs during virus PBCV-i Infection. (A) RNA& Isolated 
from uninfected (lane 0) and from PBCV-1 -Infected chlorells cells at 
5. 10. 15< 30. 60. 90, 120. 180. 240r end 300 mm pJ. The blot was 
probed with the PBCV-1 has gene. (B-D) RNAs isolated from ceils at 
30 min after Infection ^ith viruses PBCV-i. NC-iC. or AL-2C (Janes 
P, N, and A, respscilvety). The membra nea were probed with either 
the PBCV-1 has gene (B), gfat gene {aiOOr) [C], or udp-gfcdh gene 
i&609h (D), The filter in panel E was stamed with ethldium bromide 
and shows the 3,6-kb rRNA used to correct for loading differences 
betytfeen the ^^mpies. 



sion of the has gene and the production and localiza- 
tion of hyaluronan In PBCV-1 -mfected chlorella. 

RESULTS 

The has gene expression during PBCV-1 replication 

Total RNA was isolated from cfiloreha cells at various 
times after PBCV-I infection and hybridized to the viral 
has gene. A single. 1900-nucleolld9 transcript, a size 
sufficient to encode a r^rotein of 567 amino acids, ap- 
peared within 5-10 min postinfection (p.i-J, peaked at 30 
min p i., and disappeared at 60-90 min pa, (Fig, 1A). 
Because PBGV-1 DMA synrnesis begins --60 riiin pi. 
(Van Etten er a!.. 1934), the has gene Is an early gene. 
This is consistent with our previous finding that HAS 
enzyme activity was detected in chlorella cells al SO and 
90 min p,i, {DeAngelis et a/., 1997)- 



Hyaluronan Is localized on the surface of 
PBCV-1 -Infected chlorella 

Typically. HASs are integral membrane-bound pro- 
teins, and the newly synthesized hyaluronan is se- 
creted across the membrane to the extracellular ma- 
trix (Philipson and Schwartz, 1984). Previous experi- 
ments established that the PBCV-I -encoded HAS is 
associated with the membrane fraction of PBCV-1 - 
infected chlorella cells (DeAngeds et aL, 1997). There- 
fore, we looked for hyaluronan on the surface of in- 
fected chloreifa by monitoring the ability of a 
labeled hyaluronan-binding protein (^^^t-HABP) to 
interact with intact^ virus-infected cells (Tengblad, 
1980). This protein did not attach to uninfected cells, 
indicating that the cell surface lacked hyaluronan. By 
15 min p.i., small but significant amounts of the 
HABP bound to the infected ceMs. indicating the pres- 
ence of surface hyaluronan. During the first 90 min p.i., 
the level of '^*I-HABP bound to the infected cells In- 
creased slightly and then Increased rapidly during the 
next 120-150 min (Fig, 2), Treatment of infected chlor- 
ella cells at 240 min p.i. with hyaluronan-lyase, before 
the addition of ^^^l-HAPB, reduced attachment of the 
binding protein to the tevel of infected cells at 15 min 
pj. (Fig. 2). The absolute specificity of the HABP and 
the hyaluronan-lyaso for hyaluronan establish the 
presence of hyaluronan on the infected cell surface 

To determine whether the hyaluronan Is localized to a 
specffic area of the cell wail or is present over the entire 
cell surface, hyaluronan accumulation was also moni- 
tored by fluorescent microscopy using biotinylated-hya- 
luronan binding protein (bt-HABP) in conjunction with an 
avidin-'FITC conjugate. As shown in Fig. 3A» many in- 
fected cells developed a uniform green fluorescence 
over the entire cell surface by 30 min p.i.; uninfected cells 
autofluoresced orange-red. The intensity of green fluo- 
rescence as well as the number of fluorescing celts 
increased up to 240 min p,i. Treatment of cells at 240 min 
p.i. with hyaluronan-lyase, before the addition of bt- 
HABP^ abolished most of the green fluorescence {Fig. 
3A). 

Ultrastructural changes in the cell wall of 
PBCV-1 infected chiorella cells 

The cell walls of uninfected and PBCV-1 -infected cells 
were also examined by quick-freeze deep-etch electron 
microscopy. As shown in Fig. 3B, the exterior surface of 
the infected chlorella cell waif takes on a "hairy" appear- 
ance; by 240 min p.i., the infected cell is covered with h 
highly developed, dense fibrous network. Incubation of 
cells with hyaluronan-lyHse removes this "hairy" material, 
indicating that this fibrous network is composed of hya^ 
iuronan (Fig. 3B1. 
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FIG. 2, Hyalurgnan eccumulatron on the surface of P6CV-1 infected algae. Uninfected and infected cells were incubatecf with '**f'HABP as 
described tn Materials and Methods. One sample from infected cells at 240 min p.1. was treated with hyaluronan-lyase before the addition of tlie HABP. 
The results represent the average of two separate experiments. 



Hyaluronan partfaliy blocks chlorella virus attach me nt 

The results of the preceding experiinnents indicate that 
the external surface of the chlorella cell wall changes 
dramatically after PBCV-i infection as the result of hya- 
luronan accumulation. To determine whether surface 
hyaluronan prevents attachment of a second virus to 
PB.CV-1 -infected cells, we monitored the ability of an 
antigenic variant of ,PBCV-1 [named P31 (Warig ef al., 
1993)] to attach to chlorella cells at various times after 
PBCV-I infBction, As shown in Table 1. prior PBCV-t 
infection of chlorella reduces P31 attachment to the alga 
by —50% at 120^300 min p.i/Treatmer\t of the l80-min 
PBCV-1 -infected cells wtth hyaluronan- lyase before the 
addition of P31 slightly increased the ability of P31 to 
attach to the cells {Table i). Therefore, surface hyaluro- 
nan accumulation slightly reduces subsequent virus at- 
tachment, albeit [ate in the infection cycle. 

The has gene is widespread in the chlorella viruses 

To determine whether the has. gene is widespread 
among the chlorella viruses, the has gene probe used in 
Fig. 1 was hybridized to DNA from 41 other viruses 
isolated from diverse geographical' regions (Fig. 4) 
These viruses infect either Chforetfa NC64A or Chforelfa 
Pbt, Chlorella cells infected with each of the viruses were 
also monitored for extracellular hyaluronan with the '^^1- 
HABP {radioactive counts are also. listed in Fig, 4). These 
experiments produced the following results, (1) The 
PBCV-l has gene probe did not hybridize to hosl Chiur- 
ef/a NC64A DNA. (2) The PBCV-1 has gene probe hybrid- 
ized to some degree to 2S of the 37 DNAs from viruses 
(including PBCV-I) that infect CNoreUa NC64A (NC64A 
viruses), (3). All except one of these 28 NC64A viruses 



produced extracellular hyaluronan. The exception was 
NY-2A, which hybridized weakly with the has gene. (4) 
Nine of the 37 NC64A viruses, CA-IA. CA-2A. iL-2A 
IL-2B, IL-3A, IL-aO. SC-IA, SC-tB, and IL-5-2s1. neither 
hybridized with the has gene probe nor produced extra- 
cellular hyaluronan. (6) None of the DNAs from the five 
viruses, CVA-1. CVB-I, CVG-1, CVM-I. and CVR-I. that 
infect Ch/orelfa strain Pbi (Pbi viruses) (Reisser et aL 
1988) hybridized vyith the PBCV-1 has gene probe. How- 
ever, 2 of the 5 Pbi viruses, CVG-1 (Fig, 3C) sn6 CVR-1. 
produced extracellular hyaluronan (Fig, 4), Presumably 
these 2 Pbi viruses encode a has gene that has diverged 
substantially from the PBCV-1 gene. 

These experiments Indicate that has gene expression 
is not essential for chlorella virus growth because 10 of 
the NC64A viruses and 3 of the Pbi viaises do not 
produce detectable extracellular hyaluronan. One expla- 
nation IS that these viruses encode an enzyme or en- 
zymes that produce another polysaccharide on the ex- 
ternal surface of the infected clilorella cells. However, 
two experiments indicate that this possibility is unlikely 

(1) The surface of chlorella cells infected with Pbi virus 
CVA-1 (no '""l-HABP binding; Fig. 4) does not appear 
"hairy" on electron microscopy at 240 min p,i, (Fig. 30). 

(2) Cells infected with virus [L-3A were also monitored for 
changes in attachment of a second virus; only a slight 
reduction in attachment occurred {results not shown). 

Analysis of has gene sequence and expression from 
other chlorella viruses 

Ten of the 41 chlorella viruses, plus PBCV-1, were 
chosen for further analysis of the has gene. The has 
gene from each was amplified by PGR using primers that 
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FIG, 3. Localizstion of hyaluronan on the surfacG of infected cells and ulifasiruciu''al changes rn the algal cell wall after viral infection, Detecrion 
o1 hyaluronari on the surface of untnlecied CNoreHa NC64A cells and PBCV-l-inleciecJ cella ai 30 and 240 min pj. using a bt-HA9P jn oombi nation 
with an avidin-F(TC conjugate (A) or by quick-f feeze deep-etch electron micro^joopy (Bl- A sample of PBCV-1 -infectecf cells at 240 min p J. was treated 
with hyaluron^in-lyase before the fluorescent Isbeling or electron microscopic exarninaEion, Note the bright gre$n fluorescence and accumulation of 
a dense, fibrous network on tlie surface of P8CV-1 -infecied cells at 240 min p i. [C) ChioreUe Pbi ceils infected with viruses CVA-t or GVG-1 examined 
by quick -freeza< deep'etoh electron microscopy 5oTh samples were taken ai 2^0 min p i. Noto the surface of the CVA-t -infected cells resemble 
uninfected Chlore/is NC64A cells as contrasted to the surface of CVG-i- and PSCV-l-infect&d cells. 



correspond to the 5' and 3' ends ot tiie P[3CV-1 hsts gene 
{DeAngelis et ai, 1997). The primers produced the ex- 
pected 1,7-kb product from virus PBCV-i DNA and five 
additional virus DNAs, NC-1 C. AL-?C, MA-i E, CA-4A. and 
XZ-5C (Fig, 5), No PGR product was obtained with SC-1 A, 
MA'1D. NY-2B. and CVG-l DMAs. These results 

support the data in Fig. 4; PGR products were proriuoed 
only from virus DNAs that hybridized strongly to the 



PBCV-1 has gene probe. The six different 1.7-kh PGR 
products (Including PBCV-1) were cloned and se- 
quenced; analyses of the sequences led to the following 
conclusions. {1} All the clones (Including PBCV-1} con- 
tained a G instead of an A at position in the 
original PBGV-1 genomic sequence {Li et a}., 1995), indi- 
oating an error in the published PBCV-1 sequence. Cor- 
rection of this base changes an Asp residue to a Gly at 
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TABLE 1 

Attachment Qf Virus P31 (an Antigenic Variant of PBCV-i) 
to pBCV'1 'Infected Chforef/a NC64A 



Time after PSCV-i 
infection (min) 



Percentage of 
unattached P31* 



15 
60 
120 
180 
240 
300 
180 



HA-lyase 



19 ± 8 

2B^r 8 

36:+: 7 

40 ± 3 

34 t 8 

35 ± S 
.29 :^ 10 





•Average of three separate experiments- 



amino acid 462. Tl^ls change is significant because all 
other eukaryotio HASs have a Gly in this position (DeAn- 
gelis et ai, 1997). (2) The sequence of the AL-2C clone 
was identical to the corrected PBCV-I sequence. (3) The 
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FIG. 4. Hybridisation of The P6CV-1 h3f; gene to DMA isolated from 
Chtor&HA NC64A and from 37 IMC64A viruses and S Pbi viruses (CVA l 
CVB-1. CVG-1. CVIvM. and CVR-1), The blots contain I 0,5. 0,25. and 0.12 
p.g Q\ DNA [left to right, respectively}. The accumiHaLion of hyalurcnciri 
on the surface of the infected celts, sis measured by The ^bilt^y of 
''''I -HASP 10 auach la the cells at 240 rnin y.i., is also indicated for each 
virus. The labeling reSLjits represent ifie average of at least two sepa- 
rate ejtpcrimcnts. Because viruses SC-iA and NY-2A replicate slower 
than the other viruces. they were analyzed for hyalurongn accumulation 
at 8 h p.l (*). 
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FIG. 5. PCR products produced from PBCV-1 and 10 additional 
chioreile viruses using prirnera derived from tf^e P3CV-1 has gene 
sequence, (Bottom) Dot-btot hybridization and '^i-HABP binding data 
from Fig, 4. No PCR products were obtained from virus DMAs that either 
failed to hybridize {SC-IA and CVG-i) or hyb/ldfeed poorly (NY-2A, 
NV-2e» and MA-iD) to the P8CV-1 hss gene probe. 



sequences of the IVIA-IE and XZ-5C clones each con- 
tained a single, distinct, silent nucleotide difference from 
PBCV-1. (4) The sequence of the NC-1C clone varied by 
n nucleotides from PBCV-I; four of these changes re- 
sulted in amino acid substitutions. Three of these sub- 
stitutions (R136^K. D400-^E, and V534^[) were conser- 
vative changes, whereas the fourth (T360->A) was non- 
conservative. (5) The sequence of the CA'4A clone 
differed from PBCV-1 by 15 nucleotides; eight of these 
differences were in common with NG-1C. Seven of these 
differences {two were in the same codon) led to six 
amino acid changes; four {R136-^K, K50->V, 
and TSeS-^S) were conservative^ whereas two (V529— >T 
and E554">K) were nonconservative. 

Total RNA was isoEated from cells infected with NC-IC 
or AL-2C viruses at 30 min p.i, (the time when the a98r 
gene transcript is most abundant in PBCV-1 -infected 
cells) and analyzed by Northern blotting with the PBCV-i . 
has gene probe (Fig. IB) as well as probes for the two 
PBCV-1 genes [gfateir\6 acfp-gfcdh) that encode enzymes 
synthesizing hyaluronan precursors (Figs. 1C and 10}.- 
This experiment led to the following results (1) Like 
PBCV-1. the has gene probe hybridized to a 1.9-lcb RNA 
from cells infected with each virus. (2) The gfat and 
udp-gfcdh probes produced the same hybridization pat- 
terns for all three viruses. Landstein e: al. (1998) demon- 
strated that in PBCV-l the largest of the three RNAg 
detected by the gfat probe results from readlh rough 
transcription of the gfat gene into the adjacent af03r 
gene. The a/Mrgene encodes an mRNA capping en- 
zyme (iHo af., 1996). (3) Although The amounts of has, 
gfat, and udp-gfcdh mHNAs that accumulated in AL-2C- 
infected cells was approximately equal to that in PBCV- 
1-infeoled cells, the amount of has, gfat, and udp-glcdh 
mRNAs that accumulated in NC-IC-infected cells was 
reduced considerably. Therefore, all three viral genes 
involved in hyaluronan synthesis are expressed in two 
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FIG, 6. Biosynthesis 0I hyaluronan starting with fructose -6 -phosphate and UDP-glucose. Virus PBCV-1 encodes the enzyme GFAT (5 700/^, 
UDP-GlcDH (^eo5/)r and HAS {aS3f\. The conversion of glucosannine-6-phosphaie to UDP-GicNAc requires at least three additional steps, designated 
by The dashed arrows. The genetic: sources of these three additional enzymes are unknown. 



Other chlorella viruses, albeit at variable levels. This 
variation could reflect slight differences tn the length of 
the NC-IC infection cycle compared with PBCV-1 and 
AL-2C- 

DISCUSSION 

We previously reported that chiorelia virus PBCV-i 
encodes an authentic, membrane-associated HAS 
(DeAngelis &i al, 1997), The PBCV-1 Hbs gene was ex- 
pressed Jn E. Qoll, and as expected, the recombinant 
protein required the simultaneous presence of UDP-GIcA 
and UDP-GlcNAc and manganese for activity. Hyaluro- 
nan lyase degrades the 3-6 x lO*-kDa hyaluronan poly- 
sacchBride product of the recombinant enzyme. Results 
presented here establish that the PBCV-1 has gene is 
expressed within 10 min after PBCV-I infection and that 
large amounts of hyaturonan accumulate on the cell 
surface of infected algae, To our knowledge, PBCV-1 is 
the first virus to encode an enzyme that synthesizes a 
polysaccharide. Viruses generally use host-encoded gly- 
cosyltransf erases to create new glycoconjugates or ac- 
cumulate host cell glycoconjugates during virion matu- 
ration. An ecdysteroid UDP-giucosyltransferase encoded 
by several baculoviruses is the only previously known 
virus-encoded glycosyltransf erase with a chai'acterlzed 
activity (O'Reilly 1995). The ecdysteroid IJDP-glucosyl- 
transferase inactivates the insects molting hormones by 
adding a single glucose residue to the hormone. 

PBCV-1 probably encodes several other glycosylirans- 
ferases in addition to HAS. Studies on four PBCV-1 anti- 
genic variants with altered oligosaccharide moieties on 
the three virion-associated glycoproteins led to the pre 
diction that PBCV-1 encodes at leayt part, if nol its entire, 
glycosylation machinery (Que ef ai, 1994; Wang ef ai, 



1993). However, several observations indicate thai the 
HAS enzyme described in this report does not glycosyl- 
ate the PBCV-1 glycoproteins, (1) The oligosaccharide 6r 
oligosaccharides attached to the PBCV-1 glycoproteins 
contains only neutral sugars, glucose, galactose, man* 
nose, fucose, xylose, rhamnose, and arabinose (Wang er 
a/., 1993). (2) Hyaluronan accumulates on the outside of 
the virus-infected host, whereas intact infectious virus 
particles accumulate inside the host at least 30-40 mrn 
before release by lysis of the host cell wall. (3) Typically, 
hyaluronan is not covalently bound to a protein (Ha sea II 
ox ef.. 1994; Laurent and Fraser, 1992), Therefore, we 
conclude that HAS is not involved In PBCV-1 protein 
glycosylation and that the virus encodes separate glyco- 
syltransferases for this purpose, 

Landstein ef a/. (1998) previously demonstrated that 
PBCV-1 encodes two additional enzymes involved in 
hyaluronan biosynthesis; GFATand UDP-GlcDH (Pig. 6). 
UDP-GlcDH converts UDP-glucose Into UDP-GIcA, a pre- 
cursor of hyaluronan, GFAT converts fructose-6-phos- 
phate into glucosamine-6-phosphate, an intermediate in 
UDP-GlcNAc biosynthesis. Like has, the udp-gicdh and 
gfat genes are expressed early in PBCV-1 infection 
(Landstein etaL 1998). At least three additional enzymes 
are needed to convert glucosamine-6-phosphate into 
UDP GlcNAc (Fig. 6). Sequence comparisons have failed 
to identify candidate genes encoding these enzymes in 
the viral genome. However, the presence of three virus- 
encoded hyaluronan biosynthetic enzymes suggests that 
the polysaccharide serves an important function in the 
PBCV-1 life cycle. 

The extracellular hyaluronan does nol play an obvious 
rule in the interaction between PBCV-1 and its algal host 
because neither plaque size nor plaque number is al- 
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tered by including either testicular hyaluronicfase or free 
hyaluronan in the top agar of the PBCV-1 plaque assay 
fOeAngelis ef a/., 1997). However, the extracellular hya- 
luronan weakly inhibits altachmeni of additional viruses, 
especiaJly late in infection (Table 1). This inhibition might 
be advantageous to PBCV-1 because it would reduce 
multiple infections. The significance of this hyafuronan- 
mediated reduction in virus attachment is questionable, 
however, because NC64A viruses mutually exclude one 
another by a hyaluronan-independent mechanism 
{Chase et a/., 1989). This exclusion phenomenon, which 
has no effect on virus attachment, occurs before hyalu* 
ronan-mediated inhibition of virus attachment. 

We considered two other biological functions for the 
PBCV-1 -encoded hyaluronan; these functions are based 
on our limited knowledge of the natural history of the 
viruses, Chiorella vinjses are ubiquitous In freshwater 
collected worldwide, and liters ashighas4X10* infec- 
tious viruses/rnl o1 native water have been reported (Van 
Etten et aL, 1985: Yamada et ai, 1991) The only known 
hosts for these viruses are ohlorella-flke green algae that 
normally live as hereditary endosymbionts in some Iso- 
lates of the ciliate Paramecium bursaha^ In the symbiotic 
unit, algae are enclosed individually in perialga! vacu- 
oles and are surrounded by a host-derived membrane 
(Reissert 1992). The initial establishment and the long- 
term maintenance of symbiosis require that the algae 
avoid digestion by the Paramecium. Reassociation stud- 
ies with different CNorella spp. and aigae-free R burs&r/a 
indicate that only the original symbiotic algae effectively 
reestablish a long-term, stable symbiosis with the ciliate 
{Reisser 1992), Other chiorella species are digested. 
Presumably, the relationship between the algae and the 
paramecia require interactions of specific algat surface 
components with host membrane factors <Meints and 
Pardy. 1980; Pool. 1979). Interestingly, endosymbiotic 
chiorella are resistant to virus infection during symbiosis 
and become infected only when they are grown outside 
the paramecia (Reisser et a/., 1991). . 

One possible biological function for hyaluronan is that 
polysaccharide accumulation on the algal surface inhib- 
its the uptake of virus-infected algae by Paramecium, 
Prevention of the internalization of infected algae would 
enhance virus survival because virions released inside 
the Paramecium would presumably be destroyed by the 
protozoan's digestive system. Alternatively, the chlorefia 
viruses might have another host in nature; perhaps the 
virus is Transmitted because this other host is attracted 
to or binds to hyaluronan on virus-infected algae. In this 
regard, it is interesting that the intestinal pathogen En- 
tamoeba histolytica has a surface protein lhat binds to 
hyaluronan (Renesto et a/.. 1997). 

However, complicating the issue of the biological sig- 
nificance of the extracellular hyaluronan in the PBCV-1 
life cycle is the finding that some chiorella viruses lacic 
the has gene and do not produce extracellular hyaluro- 



nan. Furthermore^ celJ walls of the chiorella host infected 
with these viruses do not take on a "hairy" appearance. 
Consequently, the extracellular production of hyaluronan 
or an equivalent extracellular polysaccharide is not es- 
sentia] for survival of the viruses in nature because all of 
the tested chiorella viruses have been isolated from 
natural sources within the past 18 years. In contrast, aft 
the Chiorella NC64A viruses encode the gfat and udp- 
glcdh genes, as judged by dot-blot analysts (Landstein et 
aL 199fi). 

MATERIALS AND METHODS 

Chiorella. viruses, and ptasmids 

The hosts for the chiorella viruses. Chforeffa strain 
NC64A and Chforeiia strain Pbi, were grown on MBBM 
medium (Van Etten etai, 1983) and FES medium (Reisser 
et ai, 1938), respectively. Procedures for producing, pu- 
rifying, and plaquing virus PBCV-1 and the other chiorella 
viruses and Isolating host and virus DNAs have been 
described (Van Etten et ar, 1981, 1983, 1983a). The plas- 
mfd pCVHAS, which contains the PBOV-1 has gene, has 
also been described (DeAngelis ef aL, 1997}. 

Detection of hyaluronan on the surface of infected 
cells 

Virus-infected cells used to measure hyaluronan ac- 
cumulation were obtained by concentrating 15 x 10' 

cells/ml to 2,0 X 10* cells/ml, infection with PBCV-1 
[m.o.i. of 5), and collection of Z.O X to* cells at various 
times pj. Hyaluronan was detected on the surface of 
intact, infected cells using '^l-HABP (Pharmacia Biotech, 
Uppsala. Sweden), Approximately 0.1 ju,Ci of '^l-HABP 
was; added to the ir^fected cells, which were then incu- 
bated on ice for 60 min. The cells were collected by 
cenirifugation. and the supernatant containing unbound, 
labeled protein was removed. The amount of radioactiv- 
ity (i.e., the amount of HABP bound to the cells) was 
determined with a gamma counter Fluorescent visual- 
ization of hyaluronan on the surface of intact cells was 
accomplished by adding 15 /xg of biotinylated aggrecan, 
a hyaluronan-specific binding protein (Applied Bioli- 
gands Co., Winnipeg. Canada) to 2.0 X 10" cells in 100 
and incubating on ice 60 min. The cells were washed 
three times in PBS, resuspended in 100 /xi avrdin-FlTC 
conjugate diluted 1^2000 in PBS (Sigma Chemical Co,, St 
Louis, MO) followed by an additional 60-min incubation 
on ice. The cells were then washed three times in PBS. 
resuspended in 20-50 ju.l of PBS, and examined under 
UV illumination with a Zeiss A>.ioskop UV microscope. In 
some experiments, duplicate samples were treated with 
10-50 units of hyaluronan-lyase (Sigma Chemical Co.) for 
60 rnin before the addition of the HABP Infected ceils 
were also quickly frozen in liquid helium and observed 
under the electron rpiicro scope as described previously 
(Heuser. 1989). 
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Vims attachment to infected and uninfected chlorella 
cells 

Fifteen mlUiliters of chlorella cells (1.5 x 10' cells/ml) 
were infected with PBCV-1 at a m.o.i, of 5, incubated for 
15 min at 25^0, and divided into l,5*ml samples. At 
various times after the initial P8CV-1 infection, virus P31 
[an antigenic variant of PBCV-l (Wang et air 1993)] was 
added at a m,o.i. of 5 and Incubated for 15 min. Samples 
were treated with PBCV-1 antiserum for 15 min, followed 
by low'speed centrifugation to remove aigae< attached 
virus, and unattached PBCV-1 virus complexed to anti- 
body. The supernatant was titered for unattached P31> 

Northern and Southern analyses 

Chlorella cefis (1 x io^) were collected at various 
times after PBCV-I mf action, frozen in liquid nitrogen, 
and stored at -80*0. RNA was extracted using the Trizol 
reagent (GIBCO 6RL. Gaithersburg, MD). electropho- 
resed under denaturing conditions on 1.5% agarose/ 
formaldehyde gels, stained with ethldium bromide, and 
transferred to nyl9n membranes. Merhbranes were sub- 
sequently photographed under UV illuminalfon to visual- 
ize transferred RNA The RNA was hybridized with either 
has, gfau or udp-gtedh specific probes labeled with "P 
using a random primed DMA labeling kit {GIBCO BRL) at 
65^C in 50 mM NaPO*, 1% BSA. and 2% SDS. After 
hybridization, radioactivity bound to the membranes was 
detected and quantified using a Storm 840 Phosphorlm- 
ager and ImageQuant software (Molecular Dynamics, 
Ina, Sunnyvale, CAJ. To account for loading differences 
between samples^ the relative amount of the 3.6'kb rRNA 
in each lane was determined by converrrng the photo- 
graphs of the stained membranes to digita[ images using 
a Hewlett Packard ScanJet 4C scanner and analyzing the 
images using the ImageQuant software. 

Chlorella virus DNAs for dot blots were denatured and 
applied to nylon membranes (Micron Separatipn Inc., 
Westborough, MA), fixed by UV cross-linking, and hybrid- 
ized with the same ^ss gene probe used ior the Northern 
analyses. RadioactEvity bound to the filters was detected 
as described above. 

Other procedures 

DNA fragments were sequenced from both strands at 
the University of Nebraska-Lincoln Center for Biotechnol- 
ogy DNA sequencing core facility. DNA and protein se- 
quences were analyzed with the University of Wisconsin 
Genetics Computer Group package of programs (Genet- 
ics Computer Group, 1997). The GenBonk Accession 
numbers for the has genes from viruses AL-2C. CA-4A. 
MA-1L. NC'IC. and XZ-5C are API 13753. AF113754. 
AF 11 3755. AF 11 3756, and AP1 13757, respectively. 
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supposition in a native ecosvscem. The dara 
presented here demoiuitrating chac her^ 
bivory by Serengeti gcazisrs tangibly atcel- 
eraces rhe mineral izadou of two minerals of 
considerable importance in animal nutri- 
cton are consbtem with simuktioii results 
from gra'sshnd ecosystem modeb (3). In 
addition, they mdicare that the accelerated 
recycling of plant-available Na i^ prnbAbJy 
the mechanism leading to leveb of that 
animal nutrient m gTazer-exploited 
Serengeti grasslands chatr are fiufflcient to 
alleviate nutritiOEial shortage in the grazers, 
particularly reproductive feiTt£iles £ind grow- 
ing young (5). 

Mamm^iUaii herbivores have been perva- 
sive in grasslands through evolutionary time 
(22), their levels of forage consumption are 
considerable (6, 23} , and the animnls acceU 
eiate lachct than retard- nLicrient cyclirig, 
Tlie inteitsity of the plant-herbivore interac- 
tion in grasslands, and lbs evolutionary an- 
tiquity, may have attetiuaced detrimental In- 
tetactipn effects dirough cocvoUition (i), 
Oveiigraiing of grasslands, on the other 
hand, which is coinmorxly associated with 
the replacement of free-ranging wild herb i' 
vcres with livestock and die resulting higher 
animal densities (14), often causes the re- 
placement of highly palatable forages (15) 
that produce easily decompossd>Ie litter ( 10) 
with other plant species of lower nutritional 
quality and decomposability. 

These data provide evidence diat a ter- 
testrial grazer can modify' ecosystem pro- 
cesses in such a way as to alleviate nutri- 
tional deficiencies and, therefore, plausibly 
to elevate the carrying capacity of the eco- 
system. The data also identify accelerated 
i^utrient cycling as an. important property of 
habitats that are critical to large mammal 
conservation (16). The coupling of animal 
site preference with nutritional effects 
could provide a guide for identifying sites 
essential for plartn.it.\g large n\%mmal cotYsec- 
vation in natural ecosystems. In addition, 
the presence of such- sites, and the role of 
mammals in maintaining them, provide 
clear evidence that habitat deterioration is 
not an inescapable consequence of in- 
creased density of orgaiwtis (0- 
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porcanc stmccural elemetir In. the vitreous hu- 
mor of eye, synovisd fluid, and skin of verte- 
braLes {J). Furdiermore, HA inceracc^ with 
proteins autih as CD44, RHAMM, and fibrin- 
ogen, thereby hifluenciiig maciy narural pro- 
cesses such as angtogenesis, cancer, cell mo- 
tility, wound Kcaliiigi and cell tidhesion (2). 
HA nko constitutes the exttacelUilar capsules 
of certain bacterial pathogens such us j^rc^up A 
and C Screpwcoccus and Paseutrdla muitocida 
rype A (3, 4). Tlresc capsules act as virulence 
ffictOLs that protect the microbes from phago- 
cytosriii and complement during infection (5, 
6). Recause HA. ia component of the host 
cissues, is not normnlly immunogenic, the 
capiiultf serves molecular camouflage (7)- 
HA {synthases (HASs) are integral metn- 



Hyaluronan Synthase of Chlorella Virus PBCV-1 

Paul L. DeAngelis,* Wei Jing, Michael V. Graves, 
Dwight E. Burbank, James L Van Etten 

Sequence analysis of IhQ 330-kilobase genome of the virus P8CV-1 tliat infects a 
chloretla-like green algae revealed an open reading frame, A98R, with s'lmilcu-ity to several 
hyaluronan synthases. Hyaluronan Is an essential F>olysacchancle found In higher animate 
as well as in a few pathogenic bacteria. Expression of the A9eR gene product in 
Esche!ichi& qqU Indicated that the recombinant protein Is an authentic hyalun:»nan syn- 
thase. A9BR Is expressed early in PBCV-1 infection and hyaluronan is produced in 
infected algae. These results demonstrate that a virus can encode an enzyme capable 
of synthesizing a carbohydrate polymer and that hyaluronan exists outside of animals 
and their pathogens. 
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brane proteins that polymerue the HA mol- 
ecule using accivgtced uridine diphosphate 
(UDP)-*ugar nuclecjtides as suhsuAtiis^ 
Amino acid sequences for some HASs have 
been deduced from gene sequencing (8)\ 
their sizes range fcom. 419 to 5S8 residues. 
The vertebrate enzymefi (DG42, HASl, 
HAS 2, and HAS3) and strepcococcal. Has A 
have several regions of sequence sttntlarity. 
Recently, while sequencing the double- 
stiranded DNA genome of virus PBCV-1 
(Paramectum hursaria chlorella virus), we 
unexpectedly discovered arr open reading 
irame (ORF). A9SR (GenBank accession 
nuraber U42560), encoding a 5 68- residue 
procem. with similarity to the known HASs 
{28 to 33% amino acid Ldentlc^^ in poicwise 
comparisons by FAST A) {Fig. 1), 

PBCV-l is the prototype of a family 
(Phycodnaviridac) of large (175 to 190 nm 
in diameter) polyhedral ^ plaque- formings vt- 
nj5e$ that replicate in certain unlcellulaTy 



euksiryoCLc chlorelb-Uke green algae (9). 
PBCV-1 virions concaln at least 50 differ- 
ent proteins and a lipid component located 
inside the outer glycoprotein capsid (10)* 
The PBCV-1 genome is a linear, nonper- 
muted 330-kb double-stranded DNA tnole- 
cule widi covalently closed hairpin ends 

On the basis of its deduced amino acid 
sequence, the A98R gene produce should be 
j^n integral membrane protein. To test this 
hypothesis, we produced recombinant A98R 
protein in Eicherkhia cciU and assayed the 
membrane fraction for HAS activity (.12, 
;3). UDP-GIc.\ and UDP-GlcNAc were in- 
corporated into polysaccharide by the mem- 
brane fractbn derived from cells containing 
the A9SR ORF on a plasmid, pCVHAS, 
(average specific activity of 2.5 pmol of 
GlcA transferred per minute per ralcro^fram 
of protein), but not by samples from control 
cells (<:0.001 pmol of GlcA transferred per 



CLinute per microgram of ptotein). Mo activ- 
ity was detected in the soluble fraction of 
cells ciansformed witli pCVHAS. UDP> 
GlcA and UDP-GlcN Ac were fiimulta- 
neously required for polymerization. The ac- 
tivity W£is optimal in Hepes bufFi^r at pH 7,2 
ia the presence of 15 mM MnCU, whereas 
no activity* was detected if the meral ion was 
omitted. Th^ ions Mg^'*" and Co^^ were 
~20% as effective as Mn^"^ at similar con- 
centrations. The P. midtpctda HAS {14) has 
a similar metal requirement » but other HASs 
prefer Mg^^^ 

We ^ho tested rhe specificity of recombi- 
nant A98R for UDP-sugatb (J5), Only tlie 
two autltentic HA precursors were incorpo- 
rated into polysaccharide; neither UDP-ga- 
laceuronic acid (UDP-GalA) nor UDP-N- 
acetylgalactosamine (UDP-GalNAc)^ the 
C4 epimera of UDP-GlcA Of UDP-GlcNAc> 
respectively, were incorporated- Likewise ^ 
UDP-glucose (IJDP-CUc) was not polymer- 
ized In place of either HA precuirsor. This 
strong substrate specificity for UDP-GlcA 
and UDP-GkNAc is a general feature of rhe 
HASs HasA (13) and LX542 06). 

The recombinant A9SR eruyrae synthe- 
sized a polysaccharide with an average mo- 
lecular size of 3 X 10* to 6 X 10^ daltgns 
(Fig, 2), which is smiiller than ttuxt of the 
HA synthesized by recombinant HasA or 
DQ42 in vitro {-10^ daltotis and -5 x 10* 
to 8 X 10^ daltons» respectively) {13, 16). 




Fractigfis (ml) 

Fig» 2. SLza exclusion chromatography of polymer 
ppoduct of recombiriant A98R I-IAS, Mefnbrane& 
derived from £ coH cdfs transformed with pCVHAS 
were incubated wtth both radiolabeled KA precuir- 
sofG diluted to the £an>d spectfic activity (27}, After 
depfoteinizattaft and renoval of unincorporated 
precursors, eampl^ were injected onto a 
Sephacryl S-GOOHR size exclusion oolumri. and 
the radioactivity in thefraotior^s was measured 
9ond squarGG: '*^C, solid drcles). A duplicate sam- 
pie was treated wflih HA lipase before deproteiniza- 
tion aid chnorTiatography (^H, open sqsiares; "C^ 
open circles); ito polyiT»er remains after digest ion. 
Size standards; arrow, void voKime, HA derived 
from recomblfiHfU streptococcal H^j^A ("fZ ml; 
^2 X 10^ daltQns) (73); croGShatched box, blue 
derfral■^ (29 tc 32 ml; average molecuL-^r st^e 2 
X lO^daltons; Phermadal; V^^ arrow, totaiiy includ- 
ed volume, UOP-3ugars (37 mi). 
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Fig, 1, Ssquency simHarity of HAS?.. The Multalin prograin {26) was used to align the amino acid 
sequences HASs Xonopus ^a^vi^s DG'12, human HAS2, PBCV-1 A9oR, and StreptococcuG pyogenes 
HasA (red: 90% consensus; c^rt^en, 50% consensu 3 ^ as calcultUed tjy Muilalir) (8). tn ihe consensus 
sequence, the syn^bols are; I, any one of I or V: £, any one of L or M; %, any one of F or Y; any one 
of NpDrE, or Q. Sirigje letter abbreviations for the amino ©cid reskJues yre Joliows: A, Aia; C, Cys; D, 
Asp; E. Glu: Pho; G. Gly; H, His: I lis; K, Lys: L. Leu; M. Met; N. Asn; H, Pro; Q. Gin: R. A/g; S. Ser; 
T. Thr: V. Val: W, Trp; and Y. Tyr. 
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The polysaccharide was complecdy degraded 
by Streptoinyt:es Kyalurolyticus HA lyase, an 
enzyme thtic depol>Tnerizei HA but nor 
Stmctu rally related glycosamtrLOglvcacis such 
as heparin and chondroitan (17). 

We examined PBCV-l- infected chlor- 
cUa cells for A98R gene expression ► A 
'-1 700 -nucleotide A98R tran'script ap- 
peared about 15 inm after infecrion and 
disappeared by 60 rain, after infeccion {13)^ 
indtcating that is an early gene. Con- 

sequentLy, we assayed tueinbrane fractions 
from uninfecretJ and PBCV-1 -infect t?d 
diloreLki cells at 50 and 90 min after infec- 
tion for HAS activity. Infected celk^ but 
not uninfected cells, had acrLvitv (Table 1). 
Like the bacterially derived recombinant 
A98R enzyme, radioactive label incorpora- 
tion fronaUDP-[^'*C]GlcA imo polysaccha- 
ride depended ori both Mn^"^ and UDP- 
GlcNAc, This labeled product was also de- 
graded by HA lyase. Disrupted PBCV-1 
virions had no HAS activity. 

PBCV'^-l -infected chlorella celb weT:e 
analyzed for HA polysaccharide by me?»ns of 
a highly specific labeled HA-binding 
protein (J 9, 20). Extracts from cells at 50 
and 90 min after infection contained sub- 
stantial amounts of HA (0.7 and 1400 ng 
per mici?ogram of protein » respecttvely)* but 
not extracts from uninfected algae (<0.04 
ng pet rciicrogracn of prott:in) or disrupted 
PBCV-1 vifiun^ {<0.04 ng per microgram 
of dry weight). The labeled HA-bindLng 
protein also ii^teracted with intact infected 
cells at 50 and 90 min after infection^ but 
not with healthy cells (21 ), Therefore, a 
coriisidervible portion of the newly synthe- 
sized HA polysaccharide was iiTtmobiliz<ed at 
the oucer cell surface of the infected algae. 



Table 1 , HAS activity of merntx^ines cterived frorn 
Chtorelfa cells infected with PBCV-i , The mem- 
brane fractiOMQ tS^O (Ji-Q of protein) from unin- 
fected cells or cells at 50 and 90 rnin after infec- 
tion {a.L) were assayed with UDP-[*'*C)GlcA (60 
t^M. 0.02 in parallel reactions containing the 
follbwing componsmtfi a&tndfcated (300 jlM UDP- 
GlcNAo or 1 5 mM MnCI^ or both) for 1 hour at 
30*C i^S), HAS spcjcific activity (preeentsd as pi- 
comoles of [^^^CJGloA transferred per hour per n-til- 
iigram of protein) was detected in the algal mem- 
branes after infection with PBCV- 1 , but hot In un- 
infected cel'3. 
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The eKtracelUiLac HA does not play any 
obvious role in tlie interaction between the 
viru:s and its algal host because neither 
plaque size nor plaque number was altered 
by including either testicular hyalucotiida&e 
(465 unlts/ml) or free HA polysaccharide 
OCX) |xg/mi) In the top agar of the PBCV-1 
plaque assay (9)^ 

Among cKloreJla viruses, HA bio,synthe- 
sis during infection is not limited to the 
PBCV-1 prototype strain. ThirtyTthtee in- 
dependently isolated and plaque-purified 
vmises from the United States, South 
America, Asia, and Australia were tested 
for the prei^ence of an A98R-ltke gene and 
for the ability to direct production of 14A 
polysaccharide in Chlareila NC64A. Dot- 
blot hybridization analyses of the individual 
viral genomes with the PBCV^l A9SR 
probe indicated that 19 isolates (58%) had 
a similar gene^ the algal host DNA did riot 
cross-react with the probe {21). Chlorella 
cells it^fected with each of these 19 viruses 
produced cell sutface HA as ineasured by 
Interaction with the *'*l-HA-binding pro- 
tein {20^ 

Surprisingly, the PBCV-1 genome also 
has additional genes, named A609L and 
AlOOH, that encode for a UDP-Glc dehy- 
drogenase (UDP-Glc DH) and a glutamine; 
fruc tose-6 - ph osphate am idocransferase 
(GFAT)> respectively. UDF-Glc DH con- 
verts UDP^Glc ir^to UDP-GlcA, a required 
precursor for HA biosynthesis. GFAT con- 
verts fructose-6-phosphate into glucos- 
amine -6-phospli^ite, an intermediate in the 
UDP-OlcHAc metabolic pathway. Both of 
these PBCV-1 genes, like the A9BR HAS, 
ate expressed early in infection aiv^l encode 
emymatically active proteiru (22); howev- 
er, these three genes do not function as an 
operon. Althougli two of the^e genes, A98R 
and AfCCR, are near one another In the 
viral genome (bases 50,901 to 52,607 and 
52,706 to 54>493, respectively), A609L is 
located --240 kb away and is transcribed in 
the opposite orientation (bases 292^916 to 
291,747), The presence of multiple ensymes 
in the HA biosynthesis pathway indicates 
that HA production must serve an img>or- 
tant function in the life cycle of these 
chlorella viruses. 

The details of the natural history of the 
phycc'dna viruses are unknown. Thest: vi- 
ruses are ubiquitous in freshwater collect- 
ed worldwide, and titers as high as 4 X 10"* 
infectious v^iruses per milUlirer of native 
water have been reported (23). The ur^ly 
known hosts for these virusc?5 are chlfH- 
cUa-likt; gretiii algae, which normiYlIy live 
as hereditary endosymblonti^ in some iso- 
lates of the ciliatCf P. hursaria. In the 
symbiotic unit^ elg^e art enclosed individ- 
ually in perialfjal vacuoles? wnd sre sui- 
rotinded by a hoat-detived membrane 



{24), The endosymbtocic chlorella ace re- 
sistant to virus infection and ace only In- 
fected when they are outside the Parame- 
cium (9)- We hypothesize that HA syn- 
thesis and its accumulation on the algal 
surface may block the uptake of virus- 
infected algae by the Paramecium. Alter- 
natively, the chlorella viruses rnigVit have 
another host in nature (^uch as an iiquaric 
animal); perhaps the virus is traris mitred 
because this other hosf is atrtacred to or 
binds to the HA polysaccharide on virus^ 
infected algae. 

As depicted in Fig. 1, HASs of 5n €/>cococ- 
cus, vertebrates, and PBCV-1 have many 
motifs of two to four residues that occur in 
the same relative order. These conserved 
motifs probably reflect docnair^s crucial for 
HA biosynthesis. Regions of similarity he- 
^^^ee^ HASs and other enzymes chat syTiche- 
size p i inked polysaccharides from UDP-sug- 
ar precuiS4?r5 are also being discovered 
mote glycasyltransferases are sequenced 
(25). The significance of these similar struc- 
tural motifs will become more apparent as 
the three-dimensional stnictures of glycosyl- 
transferases are determined. 

The hex that Chbreik virus FBCV-i 
encodes a fiinctional ijlycosiyltransferase 
that ctin syndics Lze HA is contrary to the 
general observatitfin that viruses either (ij 
use host cell glycosyl transferases to create 
new carbohydrate structures, or (ii) accu- 
mulate host cell gLycoconjugabes during 
virion matu ration. Furthermore ^ HA has 
been generally regarded as restricted to an- 
imals and a few of their vimlent bacterial 
pathogeny. Though many plant cyxbohy- 
draces have been characterized, to our 
knowledge, neither HA nor a related analog 
has previQUsly been detected in cells of 
plants or protists. 
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Scat3 participates in signal titinsductvou 
pathways accivaced by the IL-6 family of 
cytokines and by cpiJtrttial growth factor 
(ij 2), StHt3 is alio acrivaced in cells 
treaiied with leptin, a growth hornnone 
thsc functions in re^^ulating food intake 
Rnd er\ergy expenditure (3). Targtited dU- 
ruprion of the mou^c gene encoding Sr;tt3 
leads to early einbcyonic lethality (-4), Like 
other merabtrA nf the STAT family, Stat3 
becomes tyrosine phosphorytated hy Janus 
kinases (JAKs). Phosphor^'Iated Stat3 
then forms ^ dim^t and translocates into 
tht nucleus to accivtite specific gen^s (5), 
We cloned a protein natned PlASh 
which can ApeoLficaLly interwct with Stat I 
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(aiiother memher of the STAT fiimily), hy 
the yeast two-hybrid assays (6). We 
searched the expressfcd sequetrice tag 
(EST) database for other. PIAS family 
members and identlfiwi a human EST 
clone encoding a polypeptide related to 
the COO H- terminal portion of PIASl 
(7). We obtained a full-length cDNA con- 
t;aiuing an open reading frame of 583 ami- 
no acids by screening a itioase thymus 
Ubrarj" with the humnn EST clone (S), 
The corresponding protein, named PIAS3t 
contains a puttitive jinc-hLnding motif 
[C2-CX)2i-Ci) (9), ?i feftture coiiserved in 
the PIAS family (Fig. lA). Northern 
(RNA) blot analysis indicated that PIAS3 
is widely expressed in various human tis- 
sues (Fig. IB). 

To study the fimc uon of I'l.ASJ; we 
prepared a specific antistcum (tintt- 
PlAS3c) to a tecomblnimt fusion protein 
of t*].Ltcarhionc-S- transferase (GST) wkh 
the 79 CCX^H'terminnl amino acid resi- 
dues of P1AS3. This antibody detected a 
protein with a molecular mass of about 63 
kD, the predicated st^e of PIAS3, in bod^ 
cytopli^smic ;^nd nucle^ir extracts of a 
number of human and murine cell line.*; 
{10). To identify which STxAT protein 
internets with PIAS3, we, prepared protein. 



Specific Inhibition of StatS Signal 
Transduction by PIAS3 

Chan D. Chung,* Jiayu Liao,* Bin Liu, Xiaoping Rao, 
Philippe Jay, Philippe Berta, Ke Shuait 

The signal transducer and activator of transcript! Dn-3 (Stat3} protein is activated by the 
interleukin 6 {lL-6) family of cytokines, epldetmal growth factor, and ieptln. A protein 
named PtAS3 (protein Inhibitor of activated STAT) that binds to Stat3 was isolated and 
characterized. The association of PIAS3 with Stat3 in vivo was only observed In cfllls 
stimulated with ligands that cause the activation of Stat3. PIAS3 blocked the DHA- 
binding activity of Stat3 and inhibited Stat3-medJated gene activation. Although Stat1 is 
also phosphorylated In response to IL-6, PIAS3 did not interact wtth Stat1 or affect its 
DNA-btnding or transcriptional activity. Tlie resutts iridicatd that P{AS3 is a specific 
inhibitor of StatS. 
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BACKGROUND OF THE INVENTION 
15 1. Field of the Invention, 

The present invention relates to a nucleic acid segment having 
a coding regioTi segment encoding enzymatically active .streptococcus 
eqnleimllis hyaluronate synthase (seHRS) , and to the use of this 
nucleic acid segment in the preparation of recombinant cells whicli 
20 produce hyaluronate synthase and its hyaluronic acid product* 
Hyaluronate is also known as hyaluronic acid or hyaluronan, 
2. Brief Description of the Related Art. 

The incidence of streptococcal infections is a major health 
and economic problem worldwide, particularly in developing 
25 countries , One reason for this is due to the ability of 
StjrGptacocca.1 bacteria to grow undetected by the body's phagocytic 
cells, i.e. , macrophages and polymorphonuclear cells (PKNs> . These 
cells are responsible for recognizing and engulfing foreign 
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microorganistns . One effective way le bacteria evade surveillance 
i8 by coating themselves with pol^-— accharide capsules, such as a 
hyaluronic acid (HA) capsule. The tructure of HA is identical in 
both prokaryotes and eukaryotes. iince Uh is generally 
noninraiunogenic r the encapsulated b — ^:teiria do not elicit an immune 
response and are, therefore, n — : targeted for destruction. 
Moreover, the capsule exerts an antiphagocytic effect on PMNs in 
vitro and prevents attachment of Streptiacoccus to macrophages. 
Precisely because of this, in Grou^z!^ and Group C Streptococci, the 
HA capsu-les aire major virulence fac^^rs in natural and experimental 
infections. Group A Streptococci — are responsible for numerous 
human diseases including pharyi=itis, impetigo, deep tissue 
infections, rheumatic fever and a nxic shock- like syndrome. The 

Group C Streptococcus eguisizniJis i responsible for osteomyelitis, 

pharyngitis, brain abscesses, and neuraonia- 

Stmicturally, HA is a tr:?h molecular weight linear 
polysaccharide of repeating disa<=haride units consisting of N- 

acetyl glucosamine (GlcNAc) and gli uronic acid (GlcAl , The number 

of repeating disaccharides in an ~ molecule can exceed 3 0,000, a 
Mr>lO"'. is the only glycos^.nogylcan synthesized by both 

mammalian and ba^cterial cells jarticularly Groups A and C 
Streptococci and Type A PasturelJ multaclda. These strains make 
HA which is secreted into the me<J*im as well as HA capsules. The 
mechanism by which these bacte a synthesize HA is of broad 
interest medicinally since the p=duction of the HA capsule is a 
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very efficient and clever way that Streptococci use to evade 
surveillance by the immmie system. 

HA is synthesized by mammalian and bacterial cells by the 
enzyme hyaluronate synthase which has been localized to the plasnia 
meitibrane. It is believed that the synthesis of HA in these 
organisms is a multi-step process. Initiation involves binding of 
an initial precursor, UDP-GlcHAc or UDP-GlcA, This is followed by 
elongation which involves alternate addition of the two sugars to 
the growing oligosaccharide chain. The growing polymer is extruded 
across the plasma metnbrane region of the cell and into the 
extracellular space. Although the HA biosynthetic syatem was one 
of the first membrane heteropoly saccharide synthetic pathways 
Btvtdied, the mechanism of HA synthesis is still not well 
understood. This may be because in vitro systems developed to date 
are inadequate in that de novo biosynthesis of HA has not been 
accomplished. 

The direction of HA polymer growth is still a matter of 
disagreement among those of ordinary skill in the art. Addition of 
the monosaccharides could be to the reducing or nonreducing end of 
the growing HA chain. Furthermore, questions remain concerning (i) 

whether nascent chains are linked covalently to a protein, to UDP 
or to a lipid intermediate, (ii) whether chains are initiated using 
a primer, and (iii) the mechanism by which the mature polymer is 
extruded through the plasma membrane of the streptococcus. 
Understanding the mechanism of HA biosynthesis may allow 
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development of alternative strategi— * to control streptococcal and 
fasturella Infections by interferii= in the process. 

HA has been identified in virtually every tissue in 
vertebrates and has achieved wide^aread use in various clinical 
applications, most notably and appr— ♦riately as an intra -articular 
matrix supplement and in eye surge r. The scientific literature 
has also shown a transition from thg=?riginal perception that HA is 
primarily a passive structural con — >nent in the matrix of a few 
connective tissues and in the c >suie of certain strains of 
bacteria to a recognition that th \ ubiquitous macromolecule is 
dynamically involved in many foiolog— al processes: from modulating 
cell migration and dif f erentiat^n during etnbryogenesis to 
regulation of extracellular matrix organization and metabolism to 
important roles in the complex pzzjcesses of metastasis, wound 
healing, and inflammation. Furthe it is becoming clear that HA 
is highly metabolically active and tiat cells focus much attention 
on the processes of its synthesis a L catabolism. For example, the 
half-life of HA in tissues ranges fZZbm 1 to 3 weeks in cartilage to 
<1 day in epidermis. 

It is now clear that a sing — b protein utilizes both sugar 
substrates to synthesize HA. Th— abbreviation HAS, for the HA 
synthase, has gained widespread su — >Qrt for designating this class 
of enzymes. Markovitz efc aj . suc^ssafully characterisred the HAS 
activity from StrBptocaacus pyoge^s and discovered the enzymes' s 
membrane localization and its rec=::iirement s for sugar nucleotide 
precursors and Mg^*. Prehm found hat elongating HA, made by Be 
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cells, was digested by hyaluxonidase added to the medium and 
proposed that HAS resides at the plasma mettibrane. Philipson and 
Schwartz also showed that HAS activity cof ractionated with plasma 
membrane markers in mouse oligodendroglioma cells. 

HAS assembles high HA that is simultaneously extruded 
through the membrane into the extracellular space (or to make the 
cell capsule in the case of bacteria] as glycosaminoglycan 
synthesis proceeds. This mode of biosynthesis is unique among 
macromolecules since nucleic acids, proteins, and lipids are 
synthesized in the nucleus, endoplasmic reticulum/Golgi, cytoplasm, 
or mitochondria. The extrusion of the growing chain into the 
extracellular space also allows for unconstrained polymer gr-owth, 
thereby achieving the exceptionally large size of HA, whereas 
confinement o£ synthesis within a Golgi or post-Golgi compartment 
could limit the overall amount or length of the polymers formed. 
High concentrations of HA within a confined lumen could also create 
a high viscosity environment that might be deleterious for other 
organelle functions , 

Several studies attempted to solubilize, identify, and purify 
HAS from strains of ^Streptococci that make a capsular coat of HA as 
well as f rom ■ eukaryotic cells. Although the streptococcal and 
murine oligodendroglioma enzymes were successfully detergent- 
solubilized and studied, efforts to purify an active HAS for 
further study or molecular cloning remained unsuccessful for 
decades. Prehm and Mausoit used periodate-oxidized UDP-GlcA or 
UDP-GlcNAc to affinity label a protein of S2 kDa In streptococcal 
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membranee tihat co -purified with HAS This led to a report claiming 
that the Croup C streptococcal had been cloned, which was 

unfortunately erroneous. This tudy failed to demonstrate 
expression of an active synthase =d may have actually cloned a 

peptide transporter* Triscott and ran de Rijn used digitonin to 

solubilize HAS from streptococcal m ±>ranes in an active form. Van 
de Rijn and Drake selectively ra-^olabeled three streptococcal 
membrane proteins of 42 ^ 33, and 2~kDa with B-azido-UDP^GlcA and 

suggested that the 3 3-kDa protei was HAS. As shown later, 

however, HAS actually turned out t«^be the 4 2-kDa protein. 

Despite these efforts^ pr rress in understanding the 
regulation and mechanisms of HA syi=iesis was essentially stalled^, 
since there were no molecular prob f for HAS mRNA or HAS protein, 
A major breakthrough occurred Im 1993 when DeAngelis et al , 
reported the molecular cloning and haracterization of the Group A 
streptococcal gene encoding the pr"ein HasA. This gene was known 
to be in part of an operon regui=d for bacterial HA synthesis, 
although the function of this pron^i^n, which is now designated as 
spHAS (the S. pyogenes HAS) , was i=^^iown. spHAS was subsecpiently 

proven to be responsible for HA 5longation and was the first 

glycosaminoglycan synthase identified and cloned and then 
successfully expressed. The S. pyogBXi^s HA synthesis operon 
encodes two other proteins- HasB s a UDP-glucose dehydrogenase, 
which is required to convert UDP — Lucose to UDP-GlcA^. one of the 
substrates for HA synthesis. HasC is a UDP-glucose 

pyrophosphorylase, which is requir I to convert glucose 1 -phosphate 
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and UTP to UDP-glucose, Co-tranef ection of both hasA and haeB 
genes into either acapsular Streptococcus strains or Ent&roccus 
faeealis conferred them with the ability to synthesize HA and form 
a capsule. This provided the first strong evidence that HasA is an 
HA synthase • 

The elusive HA synthase gene was finally cloned by a 
transpo£3on mutagenesis appr-oach, in which an acapsular mutant Group 
A strain was created containing a transposon interruption of the HA 
synthesis operon. Known sequences of the transposon allowed the 
region of the junction with streptococcal DNA to be identified and 
then cloned from wild-type cells* The encoded spHAS was 5-10% 
identical to a family of yeast chitin synthases and 30% identical 
to the Xenopus laevis protein DG42 (development ally expressed 
during gastmlation) , whose furiCtion vas unknown at the time, 
DeAngelis and Wei gel expressed the active recombinant splD^LS in 
Escherichia aoli and showed that this single purified gene product 
synthesizes high HA when incubated in vitro with UDP-GlcR and 
UDP-GlcKAc, thereby showing that both glycosyl transferase 
activities required for HA synthesis are catalyzed by the same 
protein, as first proposed in 1959. This set the stage for the 
almost simultaneous identification of cukaryotic HAS cDNAs in 199G 
by four labor 5ft or ies revealing that HAS is a multigene family 
encoding distinct isozymes. Two genes {HASl and HA32) were quickly 
discovered in maTranals (29-34) , and a third gene RAS3 was later 
discovered. A second streptococcal seHAS or Streptococcus 
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equisiittillc hyaluronate synthase, as now been found and. Is the 
invention being claimed and disclo :d herein. 

A& indicated t we have also id itlfied the authentic HAS gene 
from Group C Streptoaoccue eqalslwsAie (seHAS) ; the seHAS protein 
has a high level of identity f ap — ojcima t e Iv 70 percent) to the 
epHAS enzyme* This identity, how&=^r, is interesting because the 
seHAS gene does not cross-hybridi^= to the spHAS gene* 

Menibranes prepared from E. cc=l expressing recombinant seHAS 
synthesize HA when both substrat s are provided. The results 
confirm that the earlier report of ansing et al . claiming to have 
cloned the Group C HAS v;as wrong, Jnf ortunately , several studies 

have employed antibody to this unch ^-acteriEed 52-kDa streptococcal 

protein to investigate what was b^^ieved to be eukaryotic HAS, 

Itano and Kimata used expre^^ion cloning in a mutant mouse 
mammary carcinoma cell line, unab^ — to synthesize HA, to clone the 
first putative mammalian HAS cDNA raHASl) , Subclones defective in 
HA synthesis fell into three separate classes that were 
complementary for HA synthesis in :»matic cell fusion experiments, 
suggesting that at least three pro — tins are recjuired- Two of these 
classes maintained some HA synthe ,c activity, whereas one showed 
none. The latter cell line was ised in transient transfection 
experiments with cDHA prepared frciz the parental cells to identify 
a single protein that restored synthetic activity- Sequence 
analyses revealed a deduced prima ^ stmcture for a protein of -65 
kDa with a predicted membrane to ilogy similar to that of spHAS , 
mmHASl is 30% identical to spHAS md 55% identical to DG42. *rhe 
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same month this report appeared, three other groups submitted 
papers describing cDNAs encoding what was initially thought to be 
the same mouse and human enssyme. However, through an extraordinary 
circumstance, each of the four laboratories bad discovered a 
separate HAS isozyme in both species. 

Using a similar functional cloning approach to that of Xtano 
and Kimata^ Shyjan Gt al. identified the huiaan homolog of HAS l. 
A mesenteric lymph node cDNA library was used to transf ect murine 
mucosal T lymphocytes that were then screened for their ability to 
adhere in a rosette assay. Adhesion of one transf ectant was 
inhibited by antisera to CD44^ a known cell surface HA-binding 
protein, and was abrogated directly by pretreatment with 
hyaluronidase . Thus, resetting by this transf eotant required 
synthesis of HA. Cloning and sequencing of the responsible cDNA 
identified hsHASl. Itano and Kimaca also reported a human HASl 
cDNA isolated from a fetal brain library. The hsHASl cDNAs 
reported by the two groups, however, differ in length; they encode 
a 578 or a 543 amino acid protein- HAS activity has only been 
demonstrated for the longer form. 

Based on the molecular identification of spHAS as an authentic 
HA synthase and regions of near identity among DG42, spHAS, and 
Node ta jS-GlcKAc transferase nodulation factor in Rhlzohium) , 
Spicer et al* used a degenerate RT-PCR approach to clone a mouse 
embryo cDNA encoding a second distinct enzyme, which is designated 
mmHAS2. Transfection of mmHAS2 cDWA into COS cells directed de 
j:ovo production of an HA cell coat detected by a particle exclusion 
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assay, thereby providing strong evi — ince that the HAS2 protein can 
synthesize HA. Using a similar a^^oach, Watanabe and Yamaguchi 
screened a human fetal brain cDN — library to identify hsH7lS2, 
Fulop et al- independently used ssimilar strategy to identify 
mmHAS2 in RHA isolated from ov — rian cumulus cells actively 
synthesizing a critical proce=^ for normal cumulus oophorus 

expansion in the pre-ovulatory ^=T.licle, Cumulus cell-oocyte 
complexes were isolated from mice mediately after initiating an 
ovulatory cycle, before HA synthe s begins, and at later times 
when HA synthesis is just beginnii — (3 h) or already apparent {4 
h) - RT-PCR showed that HAS2 ii — v^as absent initially but 
expressed at high levels 3-4 h lat^ suggesting that transcription 
of HAS2 regulates HA synthesis in his process. Both hsHAS2 are 
552 amino acids in length and ar<^8% identical. mmHASl is 583 

amino acids long an 95% identical to hsHASl, which is 578 amino 

acids long . 

Most recently Spicer et al. u id a PCR approach to identify a 

third HAS gene in mammals. The mi — AS3 protein is 554 amino acids 
long and 71, 56, and 28% ident :al, respectively, to mmHASl, 
mtnHAS2 r E>G42 , and spHAS - Spicer 't ai , have also localized the 
three human and mouse genes to thrs different chromosomes (HAS! to 

hsChr 19/ramChr 17; HAS2 to hsChr 8 ^.mChr 15,- HAS 3 to hsChr 16/mmGhr 

B) - Localization of the three HA genes on different chromosomes 

and the appearance of HA through<==t the veirtebirate class suggest 
that this gene family is ancien=and that isozymes appeared by 
duplication early in the evolutzz:>n of vertebrates. The high 
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identity {-30%) between the bacterial and eukaiYOtic HASs also 
suggests t:hat the two had a conimon ancestral gene. Perhaps 
primitive bacteria usurped the HAS gene from an early vertebrate 
ancestor before the eukaryotic gene products became larger and more 
complex. Alternatively, the bacteria could have obtained a larger 
vertebrate HAS gene and deleted regulatory sequences nonessential 
for enzyme activity- 

The discovery of X, IstevlB DG42 by Dawid and co- workers played 
a significant role in these recent developments, even though this 
protein was not known to be an HA synthase. Nonetheless, that DG42 
and spHAS were 3 0V identical was critical for designing 
oligonucleotides that allowed identification of mamnialian HAS2 , 
Ironically, definitive evidence that DG42 is a Jbona fide HA 
synthase was reported only after the discoveries of the Mammalian 
isozymes, when DeAngelis and Achyuthan expressed the recombinant 
protein in yeast (an organism that cannot synthesize HA) and showed 
that it synthesizes KA when isolated membranes are provided with 
the two substrates, Meyer and Kreil also showed that lysates from 
cells trans fee ted with cDNA for DG42 synthesize elevated levels of 
HA. Wow that its function is known, DG42 can, therefore, be 
designated XIHAS. 

There are common predicted structural features shared by all 
the HAS proteins, including a large central domain and clusters of 
2-3 transmembrane or membrane -associated domains at both the amino 
and carfooxyl ends of the protein. The central domain, which 
comprises up to -88% of the predicted intracellular HAS protein 
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eequencesr probably contains the c=:.alytic regions of the enzyme. 
This predicted central domain ±o amino acids long in spH&S (63% 
of the total protein) and 307-32B isidues long in the eukaryotic 
HAS members (54-56% of the total _otein> . The exact number and 
orientation of mentbrane domains an<=he topological organization of 
extracellular and intracellulaz^ — loops have not yet been 
experimentally determined for any ^S- 

BpHAS is a HAS family memb ^ that ha8 been purified and 
partially characterized. Initia studies using spHAS/ alkaline 
phosphatase fusion proteins ind — ^^ate that the PT terminus, C 
terminus, and the large central omain of spHAS are, in fact, 
inside the cell. spHAS has 6 cy=sine3, whereas HASl^ HAS2 , and 
HAS3 have 13, 14 and 14 Cys resides, respectively. Two of the 6 
Cys residues in spHAS are conserve — and identical in HASl and HAS2 * 
Only one conserved Cys residue is :>und at the same position <Cys- 
225 in spHAS) in all the HAS fsily members. This may be an 
essential Cys whose modification y sulfhydryl poisons partially 
inhibits enzyme activity. The pos ,ble presence of disulfide bonds 
or the identification of criticaZZCys residues needed for any of 
the multiple HAS functions noted ^low has not yet been elucidated 
for any members of the HAS famil^^ — 

In addition to the proposed .nique mode of synthesis at the 
plasma mentbrane, the HAS enzyme amily is highly unusual in the 
large number of functions require for the overall polymerization 
of HA. At least six discrete actjKities are present within the HAS 
enzyme I binding sites for ea^^ of the two different sugar 
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nucleotide precursors CUDP-GlcKAc and UDP-GlcA) ^ two different 
glycosyltransf erase activities, one or more binding sites that 
anchor the growing HA polymer to the enzyme {perhaps related to a 
B'X^-B motif) , and a ratchet -like transfer reaction that moves the 
growing polymer one sugar at a time. This later activity is likely 
coincident with the stepwise advance of the polymer through the 
membrane. All of these functions, emd perhaps others as yet 
unJcnown, are present in a relatively email protein ranging in size 
from 419 (apHAS) to 588 (xHAS) amino acids • 

Although all the available evidence supports the conclusion 
that only the spHAS protein is req[uired for HA biosynthesis in 
bacteria or in vitro, it is possible that the larger eukaryotic KAS 
family members are part of mult i component complexes. Since the 
eukaryotic HAS proteins are -40% larger than spHAS, their 
additional protein domains could be involved in more elaborate 
functions such as intracellular trafficking and localization, 
regulation of enzyme activity, and mediating interactions with 
other cellular components* 

The unexpected finding that there are multiple vertebrate HAS 
genes encoding different synthases strongly supports the emerging 
consensus that HA Is an irapoartan:: regulator of cell behavior and 
not simply a structuiral component in tissues. Thus, in less than 
six months, the field moved from one known, cloned HAS (spHAS) to 
recognition of a multigene family that promises rapid, numerous, 
and exciting future advances in our understanding of the synthesis 
and biology of HA, 
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For example, disclosed here! iftex- ax-e the sequences of the 
two HAS genes: from Pasturella mitoclda.; and (2) PArantGcivm 
hursa.rla. chlorell& virus {PBCV-1 The presence of hyaluronan 
synthase In these two systems and he purification and use of the 
hyaluronan synthase from these tw=dxf ferent systems indicates an 
ability to purify and isolate i=!leic acid sequences encoding 
enzymatically active hyaluronaifas synthase in many different 
prokaryotic and viral sources. 

Group C Streptococcus equlsir^zliG strain D181 synthesizes and 
secretes hyaluronic acid (HA) , In — stigators have used this strain 
and Group A Streptococcus pyo^ene irains, such as S43 and Alll, to 
study the biosynthesis of HA Lnd to characterise the HA- 
synthesizing activity in terms of -s divalent cation requirement, 
precursor (UDP-GlcUAc and UDP-Glc utilization, and optimum pH. 

Traditionally, HA has been p^^ared commercially by Isolation 
from either rooster* combs or extra liular media from Streptococcal 
cultures. One method which has be^^ developed for preparing HA is 
through the use of cultures of HA - gaoduc ing Streptococcal bacteria. 
U.S. Patent No. 4,517,295 descriMs such a procedure wherein HA- 
producing Streptococci are fermen :d under anaerobic conditions in 
a CO^-enriched growth medium. fnder these conditions, HA is 
produced and can be extracted frcT— the broth. It is generally felt 
that iE5olation of HA from rooster 3mbs is laborious and difficult, 
since one starts with HA in a le^ P^^re state. The advantage cf 
isolation from rooster combs is Har. the HA produced is of higher 
molecular weight. However, |r=»paration of HA by bacterial 
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fermentation is easier, since the HA is of liigher purity to start 
with. Usually, however, the molecular weight of HA produced in 
thiB way is stoaller than that from rooster combs. Therefore,, a 
technique that would allow the production of high molecular weight 
HA by bacterial fermentation would be an improvement over existing 
procedures * 

High molecular weight HA has a wide variety of useful 
applications ranging from cosmetics to eye surgery. Due to its 
potential for high viscosity and its high biocompatibility ^ HA 
finds particular application in eye surgery as a replacement for 
vitreous fluid. HA has also been used to treat racehorses for 
traumatic arthritis by intra -articular injections of HA, in shaving 
cream as a lubricant , and in a variety of cosmetic products due to 
its physiochemical properties of high viscosity and its ability to 
retain moisture for long periods of time- In fact, in August of- 
1997 the U,S. ?ood and Drug Agency approved the use of high 
molecular weight HA in the treatment of severe arthritis through 
the injection of such high molecular weight HA directly into the 
affected joints. In general, the higher molecular weight HA that 
is employed the better* This is because HA solution viscosity 
increases with the average molecular weight of the individual HA 
polymer molecules in the solution- Unfortunately, very high 
molecular weight HA, such as that ranging up to 10'', has been 
difficult to obtain by currently available isolation procedux-es. 

To address these or other difficulties, there is a need for 
new methods and constructs that can be used to produce HA having 
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one or more improved propextxes si^hi as gireater purity or ease of 
preparatioxi. In pairticulaT-, tlier-e 3 a need to develop metliodology 
£or th.e production of larger amoui=3 of reXatively lii^li molecular 
weight and relatively pure HA t — =an is currently commercially 
5 5.vailal>le - Ttiere is yet a.ziothe — need to i>e able to develop 

metliodology for tlie production : HA having a modified size 
distribution (HA^^i.^) ae well as t having a modified stxucture 

The present invention addres s one or more shortcomings in 

3.0 the art. Using recombinant DKA t 10 logy / a purified nucleic acid 

segment having a coding region enc Ling enzymatically active seHAS 
is disclosed and claimed ±n conjun^=ion, with methods to produce an 
enzymatically active HA synthase, 3 well as methods for using the 
nucleic acid segment in the prepax — :ion of recombinant cells which 
15 produce HAS and its hyaluronic ac product - 

Thus , it is an ob j ect of t h<^=pres en t invention to provide a 
purified nucleic acid segment h "ing a coding region encoding 
enzymatically active HAS . 

It is a further object of fch present invention to provide a 

20 recombinant vector wHich includes \ purified nucleic acid segment 

h-aving a coding region encoding e^ssymaticaily active HAS, 

It is still a further obje=^ of the present invention to 
provide a recombinant host cell transformed with a recombinant 
vector which includes a purif iecr=: nucleic acid segment having a 
25 coding region encoding enzymat ic^=l-y active HAS . 
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It ie yet another object of the pjresent invention to parovi<ie 
a method for detecting a bacterial cell that expresses HAS - 

It is anotheT- object of the present invention to providle a 
metliod for producing high and/or low molecular weight hyaluronic 
5 acid from a hyaluronate synthase gene, such as seH&S / as well as 

methods for producing HA. havlng^ a modified size distribution and/or 
a modified structure . 

These and other objects of the present invention will become 
apparent J-n light of the attached specification, claims , and 
10 drawings, 

BRIEF SUMMARY OF THE INVENTION 
The present invention involves the application of recombinant 
DNA technology to salving one or more problems in the art of 
hyaluronic acid tHA) preparation. These problems are addressed 
15 through the Isolation and use of a nucleic acid segment having a 
coding region encoding the enzymatically active Strep tococcua 
e<3UJL&±m±li^ {seHAS) hyaluronate synthase gene, a gene responsible 
for HA chain biosynthesis , The seKAS gene was cloned from DNA of 
an appropriate microbial source and engineered into useful 
20 recombinant t^onstmcts for the prepa^ration of HA and for the 

prepa.ration of large quantities of the HAS enzyme itself - 

The present invention encompasses a novel gene, seHAS . The 
escpression of this gene correlates with virulence of Strep fcococoa.! 
Group A and Group C strains , by providing a means of escaping 
25 phagocytosis and immune surveillance- The terms "hyaluronic acid 

synthase" , "hyaluronate synthase" ^ "hyaluronan synthase" and "HA 
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synthase", aire used intearchangeat^-^ to dese3rii>e an enzyme Ctia^ti 

polymer-izes a glycosaminoglycan pc=/ saccharide chain composed of 
alternating- grlucuronic acid and letylglucos amine sugaars, ^ X^3 

and (3 X,4 linked- The tenn " gfi^-^S" descrifaeB the HAS enzyme 
5 derived firom ;?t2rep toco ecus egfuisiji^.a.s. 

The px-esent invention c=icems the isolation and 
character-i nation of a hyaluronate <^=hyal-u.r-anic3 acid synthase g^ene, 
cDNA, and gene product (Hfi£> , as ma — be used fox* the polymerization 
of glucuronic acid and H — cetylg-lucos amine into the 
10 glycosaminoglycan hyaluronic ac I. The present invention 

identifies the seHAS locus and diswioses the nucleic acid sequence 
which encodes for the enzymati ,lly active seHAS gene from 
Streptococcus eq^isajnilis . The HA — gene also provides a new prot>e 
to assess the potential of b^=texial specimens to produce 
15 hyaluronic acid. 

Through the application of te=migues and knowledge set forth 

herein , those of skill in the art //ill be able to obtain nucleic 

acid segments encoding the seHAS sne , As those of skill in the 
art will recognize, in light of the present disclosure, rhese 

20 advantages provide significant uti Lty in being able to control the 

expression of Lhe seHAS gene and ontrol the nature of the seHAS 
gene product, the seRAS enzyme* t it is produced, 

Accordingly, the invention i . directed to the isolation of a 

purified nucleic acid i^egment; vrh^^ has a coding region encoding 
25 enzymat ically active HAS, whetl — -r it be from prokaryotic or 

eujcaryotic sources . This is p< s ible because the enzyme , and 
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BACKGROUND OF THE IlJVENTION 
15 1. Field of the Invention. 

The present invention relates to a nucleic acid segment having 
a coding region segment encoding enzymatically active Streptococcus 
equisiwil±B hyaluronate synthase (seHAS) ^ and to the use of this 
nucleic acid segment in the p-reparation of recombinant cells which 
20 produce hyaluronate synthase and its hyaluronic acid product. 
Hyaluronate is also known as hyaluronic acid or hyaluronan. 
2 , Brief Description of the Related Art , 

The incidence of streptococcal infections is a major health 
and economic problem worldwide, particularly in developing 
25 countries. One reason for this is due to the ability of 
Streptococcal bacteria to grow undetected by the body s phagocytic 
cells, i.e. , macrophages and polymorphonuclear cells (PMNs) . These 
cellc are responsible for recognizing and engulfing foreign 
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microoarganisms- One effective way bacteria evade surveillance 
is by coating themselves with poly^ccharide capsules^ such as a 
hyaluronic acid (HA) capsule- The tructure of HA is identical in 
both prokaryotes and eukaxyotes. Since HA is generally 
nonimmimogenic , the encapsulated b ;teria do not elicit an immune 

response and are, therefore, n : targeted for destaruction . 

Moreover, the capsule exerts an antiphagocytic effect on PMKs in 
vitro and prevents attachment of streptococcus to macrophages. 
Precisely because of this, in Groupr^ and Group C Streptococci^ the 
HA capsules are major virulence fac=S)rs in. natural and experiinental 

infections. Group A JStrep to cocci are responsible for numerous 

human diseases including pharyi=D.tis , impetigo, deep tissue 
infections^ rheumatic fever and a axic shock- like syndrome. The 

Group C Streptococcus equisimills j responsible for osteomyelitis, 

pharyngitis, brain abscesses, and neumonia, 

Structurally, ha is a hzijh molecular weight linear 
polysaccharide of repeating disatzzharide units consisting of 

acetylglucos amine (GlcNAc) and glT aronic acid (GlcA) . The number 

of repeating diaaccharides in an ~ molecule can exceed 30,000, a 
Kr>10'^, HA is the only glycos&=inogylcan synthesized by both 
mammalian and bacterial cells jarticularly Groups A and C 
Streptoaocici and Type A Pasturell multocida.. These strains make 
HA which is secreted into the medBhm as well as HA capsules. The 
mechanism by which these bacte a synthesize KA is of broad 
interest medicinally since the p=duction of the HA capsule is a 



SUBSTITUTE SEET (RULE 26) 



wo 99723227 



PCT/US9S;23153 



very efficient and clever way that Streptococci use to evade 
surveillance by the immune system* 

HA is synthesized by manimaiian and bacterial cells by the 
enzyme hyaluronate synthase which has been localized to the plasma 
tnerabrane* Xt is believed that the synthesis of ha in these 
organisms is a multi-step process. Initiation involves binding of 
an initial precursor, UDP-GlcHAc or UDP^-GicA, This ia followed by 
elongation which involves alternate addition of the two sugars to 
the growing oligosaccharide chain* The growing polymer is extruded 
across the plasma membrane region of the cell and into the 
extracellular space. Although the HA biosynthetic system was one 
of the first membrane he teropoly saccharide synthetic pathways 
studied, the mechanism of HA synthesis is still not well 
understood. This may be because in vitro systems developed to date 
are inadequate in that de novo biosynthesis of HA has not been 
accomplished , 

The direction of HA polymer growth is still a matter of 
disagreement among those of ordinary skill in the art. Addition of 
the monosaccharides could be to the reducing or nonr educing end of 
the growing HA chain. Furthermore, questions remain concerning <i) 
whether nascent chains are linked covalently to a protein, to UDP 
or to a lipid Intermediate/ (ii) whether chains are initiated using 
a primer, and (iii) the mechanism by which the mature polymear is 
extruded through the plasma membrane of the Streptococcus. 
Understanding the mechanism of HA biosynthesis may allow 

3 
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development of alternative strategic to control Streptococcal and 
Fasturella Infections by interferiiiz: in the process. 

HA has been identified in virtually every tissue in 
vertebrates and has achieved wide^sread use in various clinical 
applications, most notably and appr^riately as an intra -articular 
matrix supplement and in eye surge r. The scientific literature 
has also shown a transition from tht=)riginal perception that HA is 
primarily a passive structural con=r>nent in the matrix of a few 
connective tissues and in the c ^sule of certain strains of 
bacteria to a recognition that th ; ubiquitous macromolecule is 
dynamically involved in many biolog— al processes: from modulating 
cell migration and dif f erentiat^i^n during embryogenesis to 
regulation of extracellular matrix organization and metabolism to 
important roles in the complex i — >cesses of metastasis, wound 
healing, and inf laTnmatioTi . Purthe it is becoming clear that HA 
is highly metaboiically active and feiat cells focus much attention 
on the processes of its synthesis a I catabolism. For example, the 
half -life of HA in tissues ranges f^^m l to 3 weeks in cartilage to 
<;i day in epidermis. 

It is now clear that a sing — i protein utilizes both sugar 
substrates to synthesize HA* Th— abbrevication HAS, for the HA 
synthase, has gained widespread su — K3rt for designating this class 
of enzymes. Markovitz et al . sucri^ssf ully characterised the HAS 
activity from streptococcus pyogeiz=s and discovered the enzymes' s 
membrane localization and its re=irements for sugar nucleotide 
precursors and Mg^', Prehm found hat elongating HA, made by 

4 
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cells « was digested by hyaluronidase <icLded to the medium and 
proposed that HAS resides at the plasma tnenibrane* Philipson and 
Schwartz also showed that HAS activity cof ractionated with plasma 
meinbrane marker b in mouse oligodendroglioma cells, 

HAS assembles high HA that is simultaneously extruded 
through the membrane into the extracellular space (or to make the 
cell capsule in the case of bacteria) as glycosaminoglycan 
synthesis proceeds. This mode of biosynthesis is unique among 
macromolecules since nucleic EC3-ds, proteins, oind lipids 
synthesized in the nucleus , endoplasmic reticulum/Goigi, cytoplaem^ 
or mitochondria. The extnision of the growing chain into the 
extracellular space also allows for unconstrained polymer growth, 
thereby achieving the exceptionally large size of HA, whereas 
confinement of synthesis within a Golgi or post-Golgi compartment 
could limit the overall amount or length of the polymers forroed. 
High concentrations of HA within a confined lumen could also create 
a high viscosity environment that might be deleterious for other 
organelle functions . 

Several studies attempted to solubilize, identify, and purify 
HAS from strains of ;5treptococci that make a capsular coat of HA as 
well as f rom ' Gukaryotic cells. Although the streptococcal and 
murine oligodendroglioma enzymes were successfully dete^rgent- 
solubilized and studied, efforts to purify an active HAS for 
further study or molecular cloning remained unsuccftssful for 
decades . Prehm and Mausolf used periodate -oxidized U!>P-GlcA or 
UDP-GlcNAc to affinity label a protein of -52 kDa in streptococcal 

b 
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membiraneB tihat co*purlf led with HAS This led to a report claiming 
that the Group C streptococcal Hi= had been cloned, which was 
\m£ortunately erroneous. This tudy failed to demonstrate 
expression of an active synthase sd may have actually cloned a 

peptide transporter* Triscott and ran de Rijn used digitonin to 

solubilize HAS from streptococcal m ibrajiee in an active form. Van 
de Rijn and Drake selectively ra— olabeled three streptococcal 
membrane proteins of 42, 33, and 2 kDa with B-azido-UDP-GlcA and 
suggested that the 3 3 -kDa protei — was HAS. As shovm. later, 
however, HAS actually turned out t=be the 42-kDa protein. 

Despite these effort Sj. pr press in understanding the 
regulation and mechanisms of HA syr=iesis was essentially stalled, 
since there were no molecular prob i for HAS mRNA or HAS protein. 
A major breakthrough occurred Im 1993 when DeAngelis et al * 
reported the molecular cloning and haracterization of the Group A 
streptococcal gene encoding the pr«ein HasA, This gene was known 
to be in part of an operon requi:E=d for bacterial KA synthesis, 
although the function of this pro^^-in, which is now designated as 
spHAS {the S. pyogenes HAS) , was i^^rnown. spHAS was subsequently 

proven to be responsible for HA alongation and was the first 

glycosaminoglycan synthase idemd^fied and cloned and then 
successfully expressed. The S. pyogenes HA synthesis operon 
encodes two other proteins, HasB s a UDP-glucose dehydrogenase, 

which is re<5uired to convert UDP Lucose to UDP-GlcA,. one of the 

substrates for HA synthesis, HasC is a UDP-glucoae 

pyrophosphorylase^ which is requir I to convert glucose 1 -phosphate 
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and UTP to UDP-glucose, Co -trans feet ion of both haaA and hasB 
gencG into either acapsular streptococcus strains or EntBraccus 
faecal S3 conferred them with the ability to eynthesisie ha and form 
a capsule. This provided the first strong evidence that HaeA is an 
HA synthase. 

The elusive HA synthase gene was finally cloned by a 
fcransposon mutagenesis approach, in which an acapsular mutant Group 
A strain was created containing a tranaposon interruption of the HA 
synthesis operon. Known sequences of the transposon allowed the 
region of the junction with streptococcal DNA to be identified and 
then cloned frotr; wild-type cells. The encoded spHAS was 5-lOV 
identical to a family of yeast chitin synthases and 30% identical 
to the Xenopus laevis protein DG42 (development ally expressed 
during gastrulation) , whose function was unknown at the time. 
DeAngelis and Wei gel expressed the active recombinant spHAS in 
Eschejrlchls coli and showed that this single purified gene product 
synthesizes high HA when incubated in vitro with DDP-GlcA and 
UDP-GlcNAc, thereby showing that both glycosyltransf erase 
activities required for HA synthesis are catalyzed by the same 
protein, as first proposed in 195S. This set the stage for the 
almost simultaneous identification of eukaryotic HAS gDNAs in 1996 
by four laboratories revealing that HAS is a raultigene family 
encoding distinct isozymes. Two genes (HASl and HAS2) were quickly 
discovered in mammals (29-34) , and a thiird gene HAS3 was later 
discovered, A second siireptococcal seHAS or SLreptococcus 

1 
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&qi2±B±m±lxG hyaluronate synthase, now been found and. is the 

invention being claimed and di&clo id herein. 

As indicated, we have also id it if led the authentic HAS gene 
from Group C Streptococcus equlslnss.±s (seHAS) ; the seHAS protein 
has a high level of identity (ap— oximately 70 percent) to the 
spHAS enzyme. This identity, howe=ir, is interesting because the 
seHAS gene does not cross -hybridi:= to the spHAS gene. 

Membranes prepared from cc= expressing recombinant seHAS 
synthesize HA when both substrat i are provided. The results 
confirm that the earlier report of lansing et al , claiming to have 
cloned the Group C HAS was v;rong , Jnf ortunately , several studies 

have employed antibody to this unch racterized 52-kDa streptococcal 

protein to investigate what was b<==!i eved to be eukaryotic HAS, 

Itano and Kimata used expreslon cloning in a mutant mouse 

mammary carcinoma cell line, unab] to synthesize HA, to clone the 

first putative mammalian HAS cDNA mHASl) . Subclones defective in 
HA synthesis fell into three separate classes that were 
complementary for HA synthesis in ^matic cell fusion experiments, 
suggesting that at least three pro — tins are required. Two of these 
classes maintained some HA synthe -c activity, whereas one showed 
none* The latter cell line was ised in transient transfection 
experiments with cDNA prepared fr= the parental cells to identify 
a single protein that restored 1= synthetic activity. Sequence 
analyses revealed a deduced prima ' structure for a protein of -65 
kDa v7ith a predicted membrane to >logy similar to that of spHAS, 
mmHASl is 30% identical to spHAS md 55% identical to DG42, The 
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Bame month thie report appeared, three other groups submitted 
papers describing cDNAs encoding what was iaitially thought to be 
the same mouse and human enzyme. However, through an extraordinary 
circumstance, each of the four laboratories had discovered a 
separate HAS isozyme in both species. 

Using a similar fimctional cloning approach to that of Itano 
and Kimata, Shy j an et al, identified the human homolog of HAS 1. 
A mesenteric lymph node cDNA library was used to transf ect murine 
mucosal T lymphocytes that were then screened for their ability to 
adhere in a rosette assay. Adhesion of one transf ectant was 
inhibited by antisera to CD44, a known cell surface HA-binding 
protein, and was abrogated directly by pretreatment with 
hyaluronidase . Thus, resetting by this transf ectant x-equired 
synthesis of HA, cloning and sequencing of the responsible cDNA 
identified hsHASl , Itano and Kimaca also reported a human HASl 
cDNA isolated from a fetal brain library. The hsHASl cDNAs 
reported by the two groups, however, differ in length; they encode 
a 576 or a 543 amino acid protein, HAS activity has only been 
demonstrated for the longer form. 

Baaed on the molecular identification of spHAS as an authentic 
HA synthase and regions of near identity among DG42, spHAS, and 
Node ta p-GlcNAc transferase nodulation factor in Rhizobiuia) , 
Spicer et al , used a degenerate RT-PCR approach to clone a mouse 
embryo cDNA encoding a second distinct enzyme, which is designated 
mtriHAS2, Transf ection of mmHAS2 cDMA into COS cells directed de 
«ovo production of an HA cell coat detected by a particle exclusion 

3 
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assay, thereby providing strong evd snce that the HAS2 protein can 

synthesize HA, Using a similar apixoach, Watanabe and Yamaguchi 
screened a human fetal brain cDK — library to identify hsHAS2 , 
Fulop et al- independently used ^similar strategy to identify 
mtniUVS2 in RNA isolated from o\ — rian cumulus cells actively 
synthesizing HA, a critical proce. : for normal cumulus oophorus 
axpansion in the pre-ovulatory f=zLlicle , Cumulus cell-oocyte 
complexes were isolated from mice unediacely after Initiating an 
ovulatory cycle, before HA synthe s begins, and at later times 
when HA synthesis is just beginnii — (3 h) or already apparent {4 
h) - RT-PCR showed that UAS2 n — was absent initially but 
expressed at high levels 3-4 h lat^ suggesting that transcription 
of HAS2 regulates HA synthesis in his process. Both hsHAS2 are 
552 amino acids in length and ar<p=98% identical. mmHASl is 563 

amino acids long an 95% identica] to hsHASlj^ which is 578 amino 

acids long- 

Most recently Spicer et al . v^id a PGR approach to identify a 
third HAS gene in mammals. The mi — AS3 protein is 554 amino acids 
long and 71^ 56, and 28% ident ral , respectively, to mmHASl, 
mmHAS2j DG42, and spHAS , Spicer t al . have also localized the 
three human and mouse genes to thrs different chromosomes {HASl to 

hsChr X9/mmGhr 17; HAS2 to hsChr 8 mChr 15; HAS3 to hsChr 16/mmChr 

a) , Localization of the three HA genes on different chromosomes 

and the appearance of HA through<^^ the vertebrate class suggest 
that this gene facaily is ancieni=aiid that iaozymes appeared by 
duplication early in the evolutz:3n of vertebrates. The high 

1 
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identity (-30%) between the bacterial and eukaryotic HASs also 
suggests that the two had a common ancestral gene. Perhaps 
primitive bacteria usurped the HAS gene from an early vertebrate 
ancestor before the eukaryotic gene products became larger and more 
coHqplex- Alternatively, the bacteria could have obtained a larger 
vertebrate HAS gene and deleted regulatory sequences nonessential 
for enzyme activity* 

The discovery of X, laevin DG42 by Dawid and co- workers played 
a significant role in these recent developments, even though this 
protein was not known to be an HA synthase. Nonetheless, that DG42 
and apHAS were 3 0% identical was critical for designing 
oligonucleotides that allowed identification of mammalian HAS2 . 
Ironically, definitive evidence that E3G42 is a bona fide HA 
synthase was reported only after the discoveries of the Mammalian 
isozymes, when DeAngelis and Achyuthan expressed the recombinant 
protein in yeast (an organism that cannot synthesize HA> and showed 
that it synthesizes HA when isolated membranes are provided with 
the two substrates, Meyer and Kreil also showed that lysates from 
cells transfected with cDNA for DG42 synthesize elevated levels of 
HA. Now that its function is known, DG42 can, therefore, be 
designated XIKAS. 

There are common predicted structural features shared by all 
the HAS proteins, including a large central domain and clusters ot 
2-3 transmembrane or mf^mbrane-assoc^iated domains at both the amino 
and carboxyl ends of the protein- The central domain, which 
comprises up to -88% of the predicted intracellular HAS protein 

11 
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sequences / probably contains the c=alytic regions of the enzyme. 
This predicted central domain is 2 amino acids long in spHAS (63 V 
of the total protein) and 3 07-228 isidues long in the eukaryotic 
HAS members (54*56% of the total Moteln) - The exact number and 
orientation of membrane domains anc=he topological organization of 
extracellular and intracellular — loope have not yet been 
experimentally determined for any ftS, 

GpHAS is a HAS family memb " that has been purified and 
partially characterized* Initia studies using spHAS/ alkaline 
phosphatase fusion proteins ind^ate that the N terminus, c 
terminus, and the large central omain of spHAS are, in fact, 
inside the cell, spHAS has 6 cy^sines, whereas HASl, HAS2, and 
HAS3 have 13, 14 and 14 Cys resides, respectively. Two of the e 
Cys residues in spHAS are conserve — and identical in HASl and KAS2 . 
Only one conserved Cys residue is 3und at the same position (Cys- 
225 in SpHAS) in all the HAS f=ily members. This may be an 
essential Cys whose modification y eulfhydryl poisons partially 
inhibits enzyme activity. The pos .ble presence of disulfide bonds 
or the identification of critica~Cys residues needed for any of 
the multiple HAS ftinctions noted Hlow has not yet been elucidated 
for any meinbers of the HAS famil^^ — 

In addition to the proposed miq^jie mode of synthesis at the 
plasma membrane, the HAS enzyme amily is highly unusual in the 
large number of functions require for the overall polymerisation 
of HA, At least six discrete actSities are present within the HAS 
enzyme; binding sites for esHi of the two different sugar 
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nucleotide precursors (DDP-GlcNAc and UDP-GlcA) , two different 
glycosyl transferase activities, one or more binding sites that 
anchor the growing HA polymer to the enzyme (perhaps related to a 
B-X,-B motif) , and a ratchet-like transfer reaction that moves the 
growing polymer one sugar at a time. This later activity is likely 
coincident with the stepwise advance of the polymer through the 
membrane* All of these functions, and perhaps others as yet 
unknown^ are present in a relatively small protein ranging in size 
from 419 (spHAS) to BBS (xHAS) amino acids. 

Although all the available evidence supports the conclusion 
that only the spHAS protein is required for HA biosynthesis in 
bacteria or In vitro r it is possible that the larger eukaryotic HAS 
family members are part of raulti component complexes. Since the 
eukaryotic HAS proteins are -40% larger than spHAS, their 
additional protein domains could be involved in more elaborate 
functions such as intracellular trafficking and localization, 
regulation of ensyme activity, and mediating interactions with 
other cellular components . 

The unexpected finding that there are multiple vertebrate HAS 
genes encoding different synthases strongly supports the emerging 
consensus that HA is an important regulator of cell behavior and 
not simply a structural component in tissues. Thus, in less than 
six months, the field moved from one known, cloned HAS (spHAS) to 
recognition of a multigene family that promises rapid, numerous, 
and exciting future advances in our understanding of the synthesis 
and biology of llA. 

13 
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For example, disclosed herei ifter aire the sequences o£ the 
two HAS genes: from Pasturella. lultoclda.; and (2) PAz-smecJLujn 
hursstrla chlorella virus (PBCV-1 Tiie presence of hyaluronan 
synthase in these two systems and he purification and use of the 
hyaluronan synthase from these tw=dif f erent systems indicates an 
ability to purify and isolate ir:=!leic acid sequences encoding 
ensytnatically active hyaluronatea synthase in many different 
prokaryofcic and viral sources - 

Group C streptococcus egiaierij^lis strain D181 synthesizes and 
secretes hyaluronic acid (HA) . In — stigators have used this strain 
and Group A Streptococcus pyogene :rains, such as S43 and Aill, to 
study the biosynthesis of HA md to characterize the HA- 
synthesizing activity in terms of zs divalent cation requirement, 
precursor (UDP-ClcKAc and UDP»Gic utilization, and optimum pH* 

Traditionally, HA has been pt=pared commercially by isolation 
from either roostei' combs or extra llular media from Streptococcal 
cultures- One method which has b«n developed for preparing HA is 
through the use of cultures of HA-T=?oducina Streptococcal bacteria. 
U.S. Patent No, 4,517,295 descrlMs such a procedure wherein HA- 
producing Streptococci are fermen :d under anaerobic conditions in 
a CO^- enriched growth medium. Jnder these conditions, HA is 
produced and can be extracted fronr^he broth. It is generally felt 
that isolation of HA from rooster Dmbs is laborious and difficult, 
since one starts with HA in a le^ pure state. The "advantage of 
isolation from rooster combs is Man the HA produced is of higher 
molecular weight. However, r. — sparation of HA by bacterial 
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fermentation is easier, since the HA is of higher purity to start 
with. Usually, however, the molecular weight of HA produced in 
this way is smaller than that from rooster combs. Therefore, a 
technique that would allow the production of high molecular weight 
HA by bacterial fermentation would be an improvement over existing 
procedures . 

High molecular weight HA has a wide variety of useful 
applications ranging from cosmetics to eye surgery* Due to its 
potential for high viscosity and its high biocompatibility , HA 
finds particular application in eye surgery as a replacement for 
vitreous fluid. HA has also been used to treat racehorses for 
traumatic arthritis by intra-articular injections of KA, in shaving 
cream as a lubricant , and in a variety of cosmetic products due to 
its physiochemical properties of high viscosity and its ability to 
retain moisture for long periods of time. In fact, in August of 
1997 the U-S, Food and Drug Agency approved the use of high 
molecular weight HA in the treatment of severe arthritis through 
the injection of such high molecular weight HA directly into the 
affected joints* In general, the higher molecular weight HA that 
is employed Che better. This is because HA solution viscosity 
increases with the average molecular weight of the individual HA 
polymer molecules in the solution. Unfortunately, very high 
molecular weight HA, such as that ranging up to 10'', has been 
difficult to obtain by curr-ently available isolation procedures. 

To address these or other difficulties, there is a need for 
new methods and constructs that can be used to produce HA having 
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one or more improved properties as greater purity or ease of 

preparation- In particular, there a a need to develop methodology 
for the production of larger amour=5 of relatively high molecular 
weight and relatively pure HA i=3n is currently coirmiercially 
available- There is yet anothe — need to be able to develop 
methodology for the production HA having a modified size 

distribution (Hft^.Lxe) as well as l having a modified structure 

The present invention addres :s one or more shortcomings in 
the art. Using recombinant DNA te<=riology, a purified nucleic acid 
segment having a coding region enc ling enzyruat ically active seHAS 
is disclosed and claimed in conjuncrion, with methods to px-oduce an 
enzyraatically active HA synthase, 3 well as methods for using the 
nucleic acid segment in the prepar — :ion of recombinant ceils which 

produce HAS and its hyaluronic ac product* 

Thus, it is an object of th^^resent invention to provide a 
purified nucleic acid segment h 'ing a coding region encoding 
enzymatically active HAS, 

It is a further object of th present invention to provide a 

recombinant vector which includes i purified nucleic acid segment 
having a coding region encoding ^^ymatically active HAS, 

It is still a further obje^. of the present invention to 
provide a recombinant host cell transformed with a recombinant 
vector which includes a purifier nucleic acid segment having a 
coding region encoding enzymatic^=ly active HAS . 
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It is yet another object of the present invention to provide 
a method tax detecting a bacterial cell that expresses HAS, 

It is another object of the present invention to provide a 
method for producing high and/ or low molecular weight hyaluronic 
acid from a hyaluronate synthase gene, such as seHAS, ae well as 
methods for producing HA having a modified size distribution and/or 
a modified structure* 

These and other objects of the present invention will become 
apparent J.n light of the attached specification, claims, and 
drawings . 

BRIEF SUMMARY OP THE INVENTION 
The present invention involves the application of i-ecombinant 
DNA technology to solving one or more problems in the art of 
hyaluronic acid (HA) preparation. These problems are addressed 
through the isolation and use of a nucleic acid segment having a 
coding region encoding the enzymatically active Str^ptoaoccuB 
Gqulslntilis (seHAS) hyaluronate synthase gene, a gene responsible 
for HA chain biosynthesis , The ceHAS gene was cloned from DNA of 
an appropriate microbial source and engineered into useful 
recombinant constructs for the preparation of HA and for the 
preparation of large qu^intities of the HAS enzyme itself. 

The present invention encompasses a novel gene r seHAS. The 
expression of this gene correlates with virulence of StrGptocooc&l 
Group A and Group C strains by providing a means of escaping 
phagocytosis and immune surveillance. The terms "hyaluronic acid 
synthase "hyaluronate synthase", "hyaluronan synthase" and "HA 
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synthase", are used interchangeal^-^ to describe an enzyme that 
polymerizes a glycosaTtiinoglycan pczy-saccharide chain composed of 
alternating glucuronic acid and ;etylglucosamine sugars , P 1 , 3 
and p 1,4 linked. The term "se^^" describes the HAS enzyme 
derived from Streptococcus eguisiir^is. 

The present invention c=icems the isolation and 
characterisation of a hyaluronate c= hyaluronic acid synthase gene, 

cDNA, and gene product (Hfi£) , as ma be used for the polymerization 

of glucuronic acid and N — cetylglucosamine into the 
glycosaminoglycan hyaluronic ac L The present invention 

identifies the seliAS locus and dis—oses the nucleic acid sequence 
which encodes for the enzymati .lly active seHM gene from 

Streptococcus eguisimilis , The HA gene also provides a new probe 

to assess the potential of b^^erial specimens to produce 
hyaluronic acid. 

Through the application of te==miq[ues and knowledge set forth 

herein, those of skill in the art tfill be able to obtain nucleic 

acid segments encoding the seHAS sne . As those of skill in the 
art will recognize, in light of the present disclosure, these 

advantages provide significant uti Lty in being able to contT-ol the 

expression of the seHAS gene and Dntrol the nature of the seHAS 
gene product, the seHAS enzyme, t it is produced. 

Accordingly, the invention i directed to the isolation of a 

purified nucleic acid segment v/h^:ih has a coding region encoding 
enzymatically active HAS, whetl — r it be from prokaryotic or 
eukaryotic sources. This is pcrrrsible because the enzyme, and 
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indeed the gene, is one found In both eukaryotes and some 
prokaryotes . Eukaryotes are also known to produce HA and thus have 
HA synthase genes that can be employed in connection with the 
invention, 

HA synthase -encoding nucleic acid segments of the present 
invention are defined as being isolated free of total chromosomal 
or genomic DNA such that they may be readily manipulated by 
recombinant DNA techniques. Accordingly, as used hereinr the 
phrase "a purified nucleic acid segment" refers to a DNA segment 
isolated free of unrelated chromosomal or genomic DNA and retained 
in a state rendering it useful for the practice of recombinant 
techniques, such as DKA In the form of a discrete isolated DNA 
fragment, or a vector (e,g. , piasmid, phage or vims) incorporating 
such a fragment. 

A preferred embodiment of the present invention is a purified 
nucleic acid segment having a coding region encoding ensymatically 
active HAS. In particular, the purified nucleic acid segment 
encodes the seHAS of SEQ ID NO: 2 or the purified nucleic acid 
segment comprises a nucleotides sequence in accordance with SEQ ID 
NO: 1 - 

Another embodiment of the present invention comprises a 
purified nucleic acid segment having a coding region encoding 
enzymatically active HAS and the purified nucleic acid segment is 
capable of hybridizing to the nucleotide sequence of SEQ ID NO; I. 

The present invention also comprises a natural or recombinant 
vector consisting of a plasmid, cosmid, phage, or virus vector. 
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The recombinant vector may also co«rise a purified nucleic acid 
segment having a coding region encc^ng enzymatically active HAS, 
In particular r the purified ni^^eic acid segment encodes the 
seH%£ of SEQ ID NO: 2 or the purif lei&uclelc acid segment comprises 
a nucleotide sequence in accordan i with SEQ ID NO:!, if the 
recombinant vector is a plasmidr it may further comprise an 
expression vector. The express 1= vector may also include a 
promoter operatlvely linked to the - tzymatlcally active HAS coding 
region . 

In another preferred en±)Od=ent, the present invention 
comprises a recombinant host eel such as a prokaryotic cell 
transformed with a recombinant ve— or . The recombinant vector 
includes a purified nucleic acid rgment having a coding region 
encoding enzymatlcally active HAS — In particular, the purified 
nucleic acid segment encodes the >eHAS of SEQ ID NOi2 or the 
purified nucleic acid segment com]p=Lses a nucleotide sequence in 
accordance with SEQ ID NO:L- 

The present invention also coii — irises a recombinant host cell, 
such as an eukaryotic ceil transf^=ted with a recombinant vector 

comprising a purified nucleic acid segment having a coding region 

encoding enzymatlcally active HAS In particular, the purified 
nucleic acid segment encodes the seHAS of SEQ ID NO: 2 or the 
purified nucleic acid segment com^ises a nucleotide sequence in 
accordance with SEQ ID NO : 1 , The concept is to create a 
specifically modified seHAS gene :hat encodes an enzymatlcally 
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active HAS capable of producing a hyaluronic acid polymer having a 
modified structure or a modified size distribution. 

The present invention further comprises a recoxnbinant host 
ceil which is electroporated to introduce a recombinant vector into 
the recombinant host cell- The recombinant vector may include a 
purified nucleic acid segment havincf a coding region encoding 
enzymatically active KffiS, In particular, the purified nucleic acid 
segment encodes the seHAS of SBQ ID NO: 2 or the purified nucleic 
acid segment comprises a nucleotide sequence in accordance with SEQ 
ID NOil- The enzymatically active HAS may also be capable of 
producing a hyaluronic acid polymer having a modified structure or 
a modified size distribution. 

In yet another preferred embodiment, the present invention 
comprises a recombinant host cell which is transduced with a 
recombinant vector which includes a purified nucleic acid segment 
having a coding region encoding enzymatically active HAS* In 
particular, the purified nucleic acid segment encodes the seHAS of 
SEQ ID NO: 2 or the purified nucleic acid segment comprises a 
nucleotide sequence in accordance with SEQ ID NO:l, The 
enzymatically active HAS is also capable of producing a hyaluronic 
acid polymer having a modified structure or a modified size 
distribution* 

The present invention also comprises a purified composition, 
wherein the purified compos it: ion comprises a polypeptide having a 
coding region encoding enzymatically active HAS and further having 
an amino acid sequence in accordance with SEQ ID NO: 2. 
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In another embodiment., the ii — antion comprises a method for 
detecting a ENA speciee, compriein the eteps of: {!) obtaining a 

DNA satnple; (2) contacting the DHA sample with a purified nucleic 

acid segment in accordance with ID NOtl; (3) hybridizing the 

DNA sample and the purified nuclei<^3cid segment thereby forming a 
hybridized complex; and (4) detect — ig the complex. 

The present invention also coerises a method for detecting a 
bacterial cell that expresses mRNS=^coding seHAS, comprising the 
eteps of; (1) obtaining a bacteria^cell sample; (2) contacting at 
least one nucleic acid from the bac^^rial cell sample with purified 
nucleic acid segment in accorc^ce with SEQ ID NO : 1 ; (3) 
hybridizing the at least one nucle ; acid and the purified nucleic 
acid segment thereby forming a hybridized complex; and (4) 
detecting the hybridized complex:::; wherein the presence of the 
hybridized complex is indicativ of a bacterial strain that 
expresses mENA encoding seHAS. 

The present invention also co^rises methods for detecting the 
presence of either seHAS or spHA^Sn a cell. In particular, the 
method comprises using the oligor=leo tides set forth in Seq. ID 
Nos , : 3-8 as probes- These ol lonucleotides would a allow a 
practitioner to search and detect le presence of seHAS or spHAS in 
a cell- 

The present invention f urthei — :omprises a method for producing 
hyaluronic acid, comprising th^ steps of: (i) introducing a 
purified nucleic acid segment It — ^/ing a coding region encoding 
enzymatically active KAS into a ost organism, wherein the host 
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organism contains nucleic acid segment b encoding enzymes which 
produce UDP-GlcNAc rad UDP-GicA? (2) growing the host organism in 
a medium to secrete hyaluronic acid; and (3> recovering the 
secreted hyaluronic acid. 

The method may also include the step of extracting the 
secreted hyaluronic acid from the medium as well as the step of 
purifying the extracted hyaluronic acid. Furthermore, the host 
organism may secrete a structurally modified hyaluronic acid or a 
size modified hyaluronic acid. 

The present invention further comprises a phairmaceutical 
composition comprising a preselected pharmaceutical drug and an 
effective amount of hyaluronic acid produced by a recombinant HAS, 
The pharmaceutical composition may have a hyaluronic acid having a 
modified molecular weight pharmaceutical composition capable of 
evading an immune response » The modified molecular weight may also 
produce a pharmaceutical composition capable of targeting a 
specific tissue or ceil type within the patient having an affinity 
for the modified molecular weight pharmaceutical composition. 

The present invention also comprises a purified and isolated 
nucleic acid sequence encoding ensymatically active seHAS, where 
the nucleic acid sequence ia (a) the nuc3.eic acid seq[uence in 
accordance with SEQ ID NO:l; (b) complementary nucleic acid 
sec[uences to the nucleic acid sequence in accordance with SSQ ID 
N0:1; (c) nucleic acid sequences which v/ill hybridize to the 
nucleic acid in accordance with SEQ ID 150:1; and (d) nucleic acid 
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sequences which will hybridize to le complementary nucleic acid 
sequences of SEQ ID NO:l, 

The present invention furtl^H: comprises a purified and 
isolated nucleic acid segment cons=±ing essentially of a nucleic 
acid segment encoding enzymaticall«active H^. 

The present invention also cott — rises an isolated nucleic acid 
segment consisting essentially of =nucleic acid segment encoding 
seHAS having a nucleic acid segment efficiently duplicative of the 
nucleic acid segment in accordanze of SEQ ID NO:l to allow 
possession of the biological i^^porty of encoding for an 
enzyraatically active HAS. The nuc sic acid segment may also be a 
cDNA sequence. 

The present invention also co >rises a purified nucleic acid 
segment having a coding region enc ling enzymatically active HAS, 
wherein the purified nucleic acid s pnent is capable of hybridizing 
to the nucleotide sequence in accc*=iance with SEQ ID 110:1, 

BRIEF DESCRIPTION OF THE SEVMAL VIEWS OF THE DRAWINGS 

PIG- 1 depicts that cross tc=i>ridizat ion between seHAS and 
spHAS genes does not occur. 

FIG. 2 figuratively depicts — e relatedness of seHAS to the 
bacterial and eukaryotic HAS protasis. 

FIG* 3 figuratively depicts ^H>lutionary relationships among 
some of the known hyaluronan synt]=eeB. 

FIG. 4 depicts the HA siae contribution produced by various 
engineered Streptococcal KAS enzyczis. 



SUBSTITCTE S EET (RULE 26) 



wo W/23227 



FCT/US98/23I53 



FIG. S figuratively depicts the overexpression of recombinant 
6eK2^ ancL epHJiS in B, coll. 

FIG- 6 depicts purification of Streptococcal HA synthase* 
FIG- 7 depicts a gel filtration analysis of HA synthesized by 
recombinant streptococcal HAS expressed in yeast membranes. 

FIG. 6 is a Western blot analysis of recombinant seHZ^ usin^ 
specific antibodies. 

FIG. 9 is a kinetic analysis of the HA size distributions 
produced by recombinant seHAS and spHAS . 

FIG- 10 graphically depicts the hydropathy plots for seHAS and 
predicted membrane associated regions . 

FIG, 11 is a graphical model for the topo logic organization of 
seHAS in the membrane, 

FIG- 12 is a demonstration of the synthesis of authentic HA by 
the recombinant seHAS- 

FIG, 13 depicts the recognition of nucleic acid sequences 
encoding seHAS^ encoding spHAS, or encoding both seHAS and spHAS 
using specific oligonucleotides and PCR, 

FIG- 14 depicts oligonucleotides used for specific PGR 
hybridization. 

DETAILED DESCRIPTION OP THE INVENTION 
Before explaining at least one eTVibodiment of the invention in 
detail, it is to be understood that the invention is not limited in 
its application to the details of construction and the arrangement 
of the components set forth in the following description or 
illustrated in the drawings. The invention is capable of other 
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embodiments or of being practiced r carried out in various ways*- 
Also, it is to be underetood that tie phraseology and terminology 
employed herein is for purpose o Solos cript ion and should not be 
regarded as limiting. 

As used herein, the term "Mcleic acid segment" and ^'DNA 
segment" are used interchangeably sd refer to a DNA molecule which 
has been isolated free of tota~ genomic DNA of a particular 
species- Therefore, a "purified*' )NA or nucleic acid segment as 
used herein, refers to a DKA segmst which contains a Hyaluronate 
Synthase (*'KAS**3 coding sequence 'et is isolated away from, or 
purified free from, unrelated g«omic DNA, fox example, total 
Streptococcus equlslmllls or, for xample, znammalian host genomic 
DKA. Included within the term "DlS segment " , are DNA segments and 
smaller fragments of such segment; — and also recombinant vectors, 
including, for example, plasraids, ^smidSr phage, viruses, and the 
like . 

Similarly, a DMA segment coTi«rising an isolated or purified 

seHAS gene refers to a DNA segmen including HAS coding sequences 

isolated substantially away from o^er naturally occurring genes or 
protein encoding sequences. In is=is respect, the term "gene" Ig 

used fo^r simplicity to refer to a Eunctional protein, pol^/peptide 

or peptide encoding unit - As wiZl be understood by those in the 
art^ this f^lnctional term inc=ides genomic sequences, cDNA 
sequences or combinations thereo "isolated substantially away 
from other coding sequences'* mea:^ that the gene of interest, in 
this case seHAS , forms the signif=ant part of the coding region of 
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nhe DNA segment, and tihat the DN& segment: does not contain large 
portione of natural iy-occur-ring coding DHA, such as large 
chromosomal fragments or other functional genes or DNA coding 
regions, of course, this refers to the DNA segment as originally 
isolated ^ and does not exclude genes or coding regions later added 
to, or intentionally left in the segment by the hand of man. 

Due to certain advantages associated with the use of 
prokaryotic sources, one will likely realize the most advantages 
upon isolation of the HAS gene from prokaryotes such as s. 
pyogenQS, S. eguisimiJxS/ or P. multocida. One such advantage is 
that, typically, eukaryotic enzymes may require significant post- 
translational modifications that: can only be achieved in a 
eukaryotic host. This will tend to limit the applicability of any 
eukaryotic HA synthase gene that is obtained. Moreover, those of 
ordinary skill in the art will likely realize additional advantages 
in terms of time and ease of genetic manipulation where a 
prokaryotic enzyme gene is sought to be employed. These additional 
advantages include (a) the ease of isolation of a prokaryotic gene 
because of the relatively small size of the genome and, therefore, 
the reduced amount of screening of the corresponding genomic 
library and (b) the ease of manipulation because the overall size 
of the coding region of a prokaryotic gene is significantly smaller 
due to the absence of introns . Furthermore, if the product of the 
seHAS gene {i.e., the enzyme) requires post translat ional 
modifications, these would best be achieved in a similar 

27 



SUBSTITUTE SHEET (RULE 26) 



wo 9$/!23227 



PCT/US9S/23153 



prokaxyotic cellular environment ost) from which the gene was 
derived . 

Preferably, DNA sequences im: accordance wi^h the present 
invention will further include gen<==ic control regions which allow 
the expression of the sequence in ^selected roconibinant host. Of 
courfse, the nature of the control egion employed will generally 
vary depending on the particul :■ use (e.g., cloning host) 
envisioned. 

In particular embodiments t th^^nvention concerns isolated DNA 
segments and recombinant vectors ii — nrpor a t ing DNA sequences which 
encode a seHAS gene, that include ^=?i thin its amino acid sequence 
an amino acid sequence in accordar^^ with SEQ ID NO: 2, Moreover, 
in other particular embodiments, "e invention concerns isolated 
DNA segments and recoTT±>inant vect s incorporating DNA sequences 
which encode a gene that includes rithin its amino acid sequence 
the amino acid sequence of an HAS one or DNA, and in particular to 
an HAS gene or cDNA, correspondi= to Streptococcus eqalslmllls 
HAS. For example, where the DMA ^sgment or vector encodes a full 
length HAS protein, or is intend^= f or use in expressing the HAS 

protein, preferred sequences are t: ise which are essentially ae set 

forth in SEQ ID NO; 2, 

Nucleic acid segments havir — HA synthase activity may be 
isolated by the methods describes herein. The term "a sequence 
essentially as ser forth in SEQ ~ NO: 2" means that the sequence 
substa.nt:ially corresponds to a jgrtion of SEQ ID NO : 2 and has 
relatively few amino acids whi= are not identical to, or a 
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biologically functional ec[uivalent of, the amino acids of SEQ ID 
NO; 2, The term "biologically functional equivalent" is well 
undeirstood in the art and is further defined in detail herein^ as 
a gene having a sequence essentially as set forth in SEQ ID NO:2, 
and that is associated with the ability of prokaryotes to produce 
HA or a hyaluronic acid doat- 

For instance, the seHRS and spHRS coding sequences are 
approximately 70% identical and rich in the bases adenine (A) and 
thymine (T) . SeHAS base content is A'26.71%, C-19.13%, G-20-Bl%, 
and T-33-33% (A/T = €0%), Whereas spHAS is A-31,34%, Q- 
16,34%, and T-35-a% (A/T - 67%), Those of ordinary skill in the 
art would be surprised that the seHAS coding sequence does not 
hybridize with the spHAS gene and vice versa ^ despite their being 
70% identical. This unexpected inability to cross -hybridize could 
be due to short interruptions of mismatched bases throughout the 
open reading frames* The inability of spHAS and seHM to cross- 
hybridize is shown in FIG, 1, The longest stretch of identical 
nucleotides common to both the seHAS and the spHAS coding sequences 
is only 20 nucleotides. In addition, the very A-T rich sequences 
will form less stable hybridization complexes than G-C rich 
sequences. Another possible explanation could be that there are 
several stretchee of As or Te in both sequences that could 
hybridize in a misaligned and unstable manner. This would put the 
seHAS and spHAS gene sequences out of frame with respect to each 
other, thereby decreasing the probability of productive 
hybridization, 
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Because of thie unique ph lomena of two genes encoding 

proteins which, are 70% identic^ not being capable of cross - 
hybridising to one another, it s beneficial to think of the 
claimed nucleic acid segment in :erms of its function; i.e. a 
nucleic acid segment which encodes nzymatically active hyaluronate 
synthase. One of ordinary skill i the art would appreciate that 
a nucleic acid segment encoding izymatically active hyaluronate 
synthase may contain conserved oiz=3emi -conserved substitutions to 
the sequences eet forth in SEQ HZ KOS t 1 and 2 and yet still be 
within the scope of the invent iorrrr 

In particular, the art s replete with examples of 
practitioners ability to make str — :tural changes to a nucleic acid 
segment (i.e. encoding conserve or semi -conserved amino acid 
substitutions) and still preserz:^ its enzymatic or functional 
activity. See for example: ) Risler et al. ^^Amino Acid 
Sxibsti tut ions in Structurally Related Proteins. A Pattern 
Recognition Approach," J, Kol , ,ol. 204:1019-1029 (1988) [" . - . 
according to the observed exctz=igeability of amino acid side 
chains, only four groups could be elineated; ti) lie and Val,- (ii) 
Leu and Met, (iii) Lys, Arg, and Ln, and (iv) Tyr and Phe."] ; (2) 
Kiefind et al, Amino Acid Sim arity Coefficients for Protein 
Modeling and Sequence Alignment Derived from Ma in -Chain Folding 

Anoles." J. Mol. Biol. 219:481 7 (1991) [similarity parameters 

allow amino acid substitutions t™be designed] ; and (3) Overington 
et al. "Environment -Specific Hiino Acid Substitution Tables: 
Tertiary Templates and PredicQon of Protein Folds," Protein 
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Science 1:216-226 (1992) t "Analysis of the pattern of observed 
substitutions as a function of local environment shows that there 
are diotinct patterns , • , " Compatible changes can be made • ] 

These referencee and countless others, indicate that one of 
ordinary skill in the sjct:, given a nucleic acid sequence^ could 
make substitutions and changes to the nucleic acid sequence without 
changing its functionality. Also, a substituted nucleic acid 
segment may be highly identical and retain its enzymatic activity 
with regard to its unadulterated parent, and yet still fail to 
hybridize thereto. 

The invention discloses nucleic acid segments encoding 
enzymatically active hyaluronate synthase - seHAS and spHAS. 
Although seHAS and spHAS are 70V identical and both encode 
enzymatically active hyaluronate synthase, they do not cross 
hybridize. Thus, one of ordinary skill in the art would appreciate 
that substitutions can be made to the seHAS nucleic acid segment 
listed in SEQ ID NO: 1 without deviating outside the scope and 
claims of the present invention. Standardized and accepted 
functionally equivalent amino acid substitutions are presented in 
Table I. 
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TABLE 



flmino Acid Giroup 


CoxLBeT-vatlve and Semi- 
mservative Sul>0titut:ions 


KonPoiar R Groups 


Ala=ne , Valine , Leue ine , 

ISO tucine, Proline, Methionine, 

Phe^lalanine , Tryptophan 


Polar ^ but uncharged, R 
Groups 


Giy ne, Serine ^ Threonine, 

Cys :lne ^ Asparagine , Glutamxne 


Negacively Charged R Groups 


Asp Cic Acid, Glutamic Acid 


Positively Charged R Groups 


Lys te, Arginine, Histidine 



Another preferred embodiment f the present invention is a 
purified nucleic acid segment that ncodes a protein in accordance 
with SEQ ID NO:2, further defined a — la recombinant vector. As used 
herein, the term "recombinant vect^" refers to a vector that has 
been modified to contain a nucleic ^id segment that encodes an HAS 
protein, or fragment thereof. le recombinant vector may be 
further defined as an express io: — vector comprising a promoter 
operatively linked to said HAS e:iG:raing nucleic acid segment. 

A further preferred emhodimei — of the present invention is a 
host cell, made recombinant with a jcombinant vector comprising an 
HAS gene. The preferred i^ecombina™ host ceil may be a prokaryotic 

cell. In another embodiment ^ t 3 recombinant host cell is a 

eukaryotic cell. As used her^m, the term "engineered*' or 
"recombinant" cell is intended t— refer to a cell into which a 
recombinant gene, such as a gene eDOding HAS, has been introduced. 
Therefore, engineered cells are listinguiahable from naturally 
occurring cells which do not cai=ain a recombinant ly introduced 
gene. Engineered cells are thu cells having a gene or genes 
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introduced through the hand of man. Recombinant ly introduced genes - 
will either be in the form of a CDNA gene, a copy of a genomic 
gene, or will include genes positioned adjacent to a promoter not 
naturally associated with the particular introduced gene. 

Where one desires to use a host other than streptococcus, as 
may be used to produce recombinant HA synthase, it may be 
advantageous to employ a prokaryotic system such as aolx, B. 
subtilis, l/actococctis sp. , or- even eukaryotic systems such as yeaet 
or Chinese hamster ovary, African green monkey kidney cells, VERO 
cells, or the like. Of course, where this is undertaken it will 
generally be desirable to bring the HA synthase gene under the 
control of sequences which are functional in the selected 
alternative host- The appropriate dna control sequences , as well 
as their construction and use, are generally well known in the art 
as discussed in more detail hereinbelow. 

In preferred embodiments, the HA synthase -encoding DNA 
segments further include DNA sequences^ known in the art 
functionally as origins of replication or "replicons", which allow 
replication of contiguous sequences by the particular host. Such 
origins allow chc preparation of extrachromosomally localized and 
replicating chimeric segments or plasmids, to which HA synthase DNA 
seqpjLsiices are ligated. In more preferred instances, the employed 
origin is one capable of replication in bacterial hosts suitable 
tor biotechnology applications. However, for more versatility of 
cloned DNA segments, it may be desirable to alternatively or even 
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additionally employ originB recogni — ^6. by other host systems whose 
use is contemplated (such as in a ^=uttle vector) . 

The isolation and use of other splication origins such as the 
SV40* polyoma or bovine papillomavirus origins, which may be 
employed for cloning or expression = a number of higher organisms « 
are well known to those of ordinar— ski 11 in the art* In certain 
embodiments y. the invention may tHe be defined in terms of a 
recombinant transformation vector lich includes the HA synthase 

coding gene sequence together wi i an appropriate replication 

origin and under the control of se icted control regions. 

Thus, it will be appreciated i:;^those of skill in the art that 
other means may be used to obtain t ! HAS gene or cDNA, in light of 
the present disclosure. For exampM, polymerase chain reaction or 
RT-PCR produced DWA fragments may e obtained which contain full 
complements of genes or cDNAs fro™* number of sources, including 
other strains of Streptococcus or wmom eukaryotic sources, such as 
cDNA libraries. Virtually any mo~cular cloning approach may be 
employed for the generation of DNA ragments in accordance with the 
present invention, Thu£5, the on ^ limitation generally on the 
particular method employed for DNJ=isDlation is that the isolated 
nucleic acids should encode a bio 1c=lg ally functional equivalenr HA 
synthase . 

Once the DNA has been isolate it is llgated together with a 
selected vector. Virtually any caning vector can be employed to 
realize advantages in accordanc^^with the invention. Typical 
useful vectors include plasmids a— phages for use in prokaryotic 
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organisms and even viral vectors for use In eukaryotic organisms. 
Exaniples include pKK223-3, pSA3, recombinant lambda, SV40, poXyoma, 
adenovirus, bovine papilloma viirus and retroviruses. However, it 
is believed that particular advantages will ultimately be realized 
where vectors capable of replication in both IsactococauB or 
Bsicillus strains and coll are employed. 

Vectors such as these, exemplified by the pSA3 vector of Dao 
and Perretti or the pAT19 vector of Trieu-Cuot, et al ^ allow one 
to perform clonal colony selection in an easily manipulated host 
such as B. coll, followed by subsequent transfer back into a food 
grade L^a^atiococcus or Ba^clllus strain for production of HA. These 
are benign and well studied organisms used in the production of 
certain foods and biotechnology products . These are advantageous 
in that one can augment the ia ct ococcu^ or Bacillus strain' © 
ability to synthesize HA through gene dosaging (i.e., providing 
extra copies of the KA synthase gene by amplification) and/or 
inclusion of additional genes to increase the availability of HA 
precursors. The inherent ability of a bacterium to synthesize HA 
can also be augmented through the formation of extra copies, or 
amplification, of the piasmid that carries the UK synthase gene. 
This amplification can account for up to a 10- fold increase in 
piasmid copy number and, therefore, the HA synthase gene copy 
number . 

Another procedure that would further augment KA synthase gene 
copy number is the insertion of multiple copies of the gene into 
the piasmid. Another technique would include integrating the HAS 
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gene into chromosomal DHA. This extra amplification would b& 
especially feasible, since the bat=srial HA synthase gene size is 
email- In some scenarios , the ch — smosomal DNA-ligated vector is 
emcployed to trans feet the host :hat is selected for clonal 
screening purposes such as coSE, through the use o£ a vector 
that is capable of expressing the iserted DNA In the chosen host. 

Where a eukaryotic source such as dermal or synovial 
fibroblasts or rooster comb cellB s en^loyed, one will desire to 
proceed initially by preparing a cHIR library. This is carried out 

first by isolation of mRNA from the above cells ^ followed by 

preparation of double stranded cD^. using an enzyme with reverse 
transcriptase activity and ligat=>n with the selected vector. 
Numerous possibilities are availaiz^ and known in the art for the 
preparation of the double strande — cDIIA, and all such techniques 
are believed to be applicable. preferred technique involves 

reverse transcription. Once a pop"".atioii of double stranded cDNAb 
is obtained, a cDNA library is p=pared in the selected host by 
accepted techniques, such as by Ligation into the appropriate 
vector and amplification in the apzropriate host. Due to the high 
number of clones that are obtai_5d, and the relative ease of 
screening large numbers of clone by the techniques set forth 
herein, one may desire to employ i — ^ge expre£3sion vectors, such as 
Xgtll, Xgtl2^ XGemll, and/or XZAI=£or the cloning and expression 
screening of cDNA clones. 

In certain other embodiments the invention concerns isolated 
DNA segments and recombinant vectors that include within their 
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sequence a nucleic acid sequence essentially ac cet forth in £EQ id 
NO:X. The term "easentially ae eet forth in SBQ ID N0:1" ±s used 
in the same sense as described atbove and means that the nucleic 
acid sequence substantially corresponds to a portion of SEQ ID 
NOil, and has relatively few codons which are not identical, or 
fxmctionally equivalent, to the codons of SEQ ID NO:l. The term 
"functionally equivalent codon" ie used herein to refer to codons 
that encode the same amino acid, such as the six codons for 
arginine or serine, as Get forth in Table I, and also refers to 
codons that encode biologically equivalent amino acids. 

It will also be understood that amino acid and nucleic acid 
sequences may include additional residues, such as additional 3Si- or 
C^terminal amino acids or 5' or 3' nucleic acid sequences, and yet 
still be essentially as set forth in one of the sequences disclosed 
herein, so long as the sequence meets the criteria set forth above, 
including the maintenance of biological protein activity where 
protein expression and enzyme activity is concerned. The addition 
of terminal sequences particularly applies to nucleic acid 
sequences which may, for example, include various non-coding 
sequences flanking either of the 5' or 3' portions of the coding 
region or may include various internal sequences, which are known 
to occur within genes. In particular, the amino acid sequence of 
the HAS gene in eukaryotes appears to be 40% larger than that found 
in prokaryotes. 

Allowing for the degeneracy of the genetic code as well as 
conserved and semi -conserved substitutions, sequences which have 
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between about 40% and about 80% r oizznore preferably, between about 
eo% and about 90%? or even more pr :erably, between about 90% and 
about 99%? of nucleotides which are dentical to the nucleotides of 
SEQ ID NO:l will be sequences whic are "essentially as set forth 
in SEQ ID NO:l'^. Sequences which a — ^ essentially the same as those 

set forth in SEQ ID NO:l may al o be functionally defined as 

sequences which are capable of ^bridizing to a nucleic acid 
segment containing the complement « SEQ ID N0:1 under standard or 
less stringent hybridizing con«».t ions . Suitable standard 

hybridization conditions will be ^11 known to those of skill in 
the art and are clearly set forth srein. 

The term "standard hybridizatrrDn conditions" as used herein, 
is used to describe those condit=)ns under which substantially 
complementary nucleic acid segment ^3<7ill form standard Wat son -Crick 
base-pairing* A number of facto3=; are known that determine the 
specificity of binding or hybridist ion, such as pH, temperature, 
salt concentration, the presence agents, such aa formamide and 
dimethyl sulfoxide, the lengtl — of the segments that are 
hybridizing, and the like. When t is contemplated that shorter 
nucleic acid segments will be use— for hybridization, for example 
fragments between about 14 and ^out 100 nucleotides, salt and 
temperature preferred conditions :or hybridization will include 
1,2-1-S X HPB at 40-50*'C, 

Naturally^ the present invent^n also encompasses DNA segments 
which are complementary, or esG3:itially complementary, to the 
sequence set forth in SEQ ID NO:;~ Nucleic acid sequences which 
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are "complementary" are those which are capable of base-pairing, 
according to the standard Watson- Crick complementarity rules. As 
used herein, the term ''complementary sequences" means nucleic acid 
sequences which are substantially complementary, as may be assessed 
by the same nucleotide comparison set £orth above, or as defined as 
being capable of hybridizing to the nucleic acid segment of SEQ ID 
N0:1- 

The nucleic acid segments of the present invention, regardless 
of the length of the coding sequence itself, may be combined with 
other DNA sequences, such as promoters, polyadenylation signals, 
additional restriction enzyme sites, multiple cloning sites, 
epitope tags, poly histidine regions, other coding segments, and 
the like, such that their overall length may vary considerably. It 
is therefore contemplated that a nucleic acid fragment of almost 
any length may be employed, with the total length preferably being 
limited by the ease of preparation and use in the intended 
recombinant DNA protocol. 

Haturally, it will also be understood that this invention is 
not limited to the particular nucleic acid and amino acid sequences 
of SEQ ID NO;l and 2, Recombinant vectors and isolated DNA 
segments may therefore variously include the HAS coding regions 
themselves, coding regions bearing selected alterations or 
modifications in the basic coding region, or they may encode larger 
polypeptides which nevertheless include KAS- coding regions or may 
encode biologically functional equivalent proteins or peptides 
which have variant amino acids sequences, 
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For instance, we have found, c=9xacterized, and purified 
hyaluronate synthase in two other s items : (a) the gram-negative 
bacteria PasZurQll^ multoclda {SEQ )NO:19); and (2> chlorella 
virus PBCV-1 {SEQ ID N0S:7 and 8), ?he presence of hyaluronan 
synthase in these two systems and o=^ ability to purify and use 
the hyaluronan synthase from these /o different systems 
indicates our ability to purify ant^=LSolate nucleic acid 
sequences encoding enzymatically acsve hyaluronan synthase. 

The capsule of Carter Type A inultocida. (SEQ ID W0:19) 
was long suspected of containing h^^-Luronic acid-HA. 
Characterization of the HA synthase^if P. multoclda. led to 
interesting en symo logical differenc=s between it and the seHAS 
and spHAS proteins . 

P. multocida cells produce a i — ^dily visible extracellular 
HA capsule, and since the two strej=3coccal HASs are membrane 
proteins, membrane preparations of le fowl cholera pathogen 
were tested. In early trials^ cruc= membrane fractions derived 
from ultrasonication alone posses sfe== very low levels of UDP- 
GlcWAc -dependent UDP- [i*C]GlcA inco^oration into HA [-0.2 pmol of 
GlcA transfer (yg of proteins) "^h-^] tfhen assayed under 
conditions similar to those for me^=iring streptococcal HAS 
activity- The enzyme from JS< coli ith the recombinant hasA 
plasmid was also recalcitrant to i£^ai:ion at first. These 
results were in contrast to the ea^=Iy detectable amounts 
obtained from Streptococcus by sim^fer methods . 

An alternative preparation pr^^ocol using ice-cold lysozyme 
treatment in the presence of proteeiz^e inhibitors in conjunction 
with ultrasonication allowed the si stantial recovery of liAS 
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activity from both species of Gram-negative bacteria. Specific 
activities for HA£ of S-ID pmol of GlcA trans ferried (^g of 
protein} "^h"^ were routinely obtained for* crude inembraneB of wild- 
type P* multoaxda with the new Tnethod, In the absence of UDP- 
GlcNAc, virtually no radioactivity (<1% of identical assay with 
both sugar precursors) from UDP-["C]GlcA was incorporated into 
higher molecular weight material . Membranes prepared from the 
acapsular mutant, TnA, possessed no detectable HAS activity when 
supplemented with both sugar nucleotide precursors (data not 
shown) * Gel -filtration analysis using a Sephacryl S''2O0 column 
indicates that the molecular mass of the majority of the ^*C- labeled 
product synthesized In vitro is ^8 x 10* Da since the material 
elutes in the void volumes, such a value corresponds to a HA 
molecule composed of at least 400 monomers. This product is 
sensitive to Streptoinyces hyaluronidase digestion but resistant to 
protease treatment* 

The parameters of the HAS assay were varied to maximize 
incorporation of UDP- sugars into polysaccharide by P. multocida. 
membranes * Streptococcal spHAS requires Mg^* and therefore this 
metal ion was included in the initial assays of P, multocida 
membranes. The P. multocida HAS (pmHAS) was relatively active from 
pH 6,5 to 8-6 in Tris-type buffers with an optimum at pH 7 . The 
HAS activity was linear with respect to the incubation time at 
neutral pH for at least 1 The pmHAS was apparently leas active 

at higher ionic strengths because the addition of 100 mM NaCl to 
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the reaction containing 50 tnM Triers pH 7 , and 20 mM MgCla reduced 
sugar Incorporation by -50%. 

The metal ion specificity of le pwHAS was assessed at pH 7^ 

Under metal -free conditions in the presence of edta, no 

incoxporation of radiolabeled prg=jrsor into polysaccharide was 
detectable {<0,5% of maximal si Lai) , Mn** gave the highest 

incorporation rates at the lowest d i concentrations for the tested 

metals (Mg, Mn, Go, Cu, and Ki) . Hg'* gave about 50% of the Mn^* 
Stimulation but at 10-fold higher one en t rati one . Co^* or Ni^* at 
lOraM supported lower levels of act^ity {20V or 9%, respectively, 
of 1 mM Mn^* assays) , but membrane supplied with ID mM Cu^* were 
inactive. Indeed, mixing 10 mM and 2G mM^* Mg2* with the 

membrane preparation resulted in =most: no incorporation of label 
into polysaccharide (<0.8% of Mg — ly value J , 

Initial characterization of he praHAS was perfonned in the 
presence of Mg^*. The binding af f =i.ty of the enzyme for its sugar 
nucleotide precursors was assess I by measuring the apparent 
value- Incorporation of ["C] GlcA r [^H]GlcKAc into polysaccharide 
was monitored at varied concentra — Lons of UDP-GlcNRc or UDP^GlcA, 
respectively. In Mg^*- containing fcffers, the apparent values of 
-2 0 for UDP'GlcA and «75 fiM lor UDP-GlcNAc were determined 

utilizing Hanes-Woolf plots ( [S] r versus [S] ) of the titration 
data* The values for both i=gars were the same because the 

slopes, corresponding to of- the Hanes-Woolf plots were 

equivalent. In comparison to re^^ts from assays with Mg^* , the 
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value for UDP-GlcNAc was increased by about: 25-50% to -105 and 
*^he v;^ increased by a factor of 2*3 -fold in the presence of Mn'*, 

The HA synthase enzymes from either inultoelda, 
Gqti±B±niil±B , or S, pyogenes utilizes UDP-BugarS/ but they possess 
somewhat different kinetic optima with respect to pH and metal Ion 
dependence and values. The enzymes are moat active at pH 7; 
however, the pmHAS reportedly displays more activity at slightly 
acidic pH and is relatively Inactive above pH 7.4. The ptnHAS 
utilizes Mn** more efficiently than Mg^* under the in vitro assay 
conditions/ but the identity of the physiological metal cof act or in 
the bacterial cell is unknown. In comparison, in previous studies 
with the streptococcal enzyme, Mg^* was much better than Mn^* but the 
albeit smaller effect of Mn^* was maximal at -10 -fold lower 
concentrations than the optimal Mg^* concentration. The pmHAS 
apparently binds the UDP- sugars more tightly than spHAS, The 
measured JQ values for the pmHAS in crude membranes are about 2-3- 
fold lower for each substrate than those obtained from the HAS 
found in streptococcal membranes: 50 or 39 for UDP-GlcA and 500 
or 150 ftM for UDP-GlcUAc, respectively. 

By kinetic analyses, the of the pitiHAS was 2-3 -fold higher 
in the presence of Mn^* than Mg**, but the UDP-GlcNAc JC„ value was 
increased slightly in assays with the former ion. This observation 
of apparent lowered affinity suggests that the increased 
polymerization rate was not due to better binding of the Mn^* 
ion/sugar nucleotide complex to the enzyme active site{s) - 
Therefore, it is possible that Mn^* enhances some other reaction 
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step^ alters another site/ structure f the enzyme, or modifies 
the phospholipid menibrane environmei — . The gene sequence and 
the protein sequence of prnHAS are strwn in SEQ ID NO: 19. 

Chlorella virus PBCV-1 encodes . fimctional 
glycosyltransf erase that can synthesze a polysaccharide , 
hyaluronan [hyaluronic acid, HA] • T".is finding is contrary to 
the general observation that viruses either: (a) utilize host 
cell gly cosy 1 transferases to create =ew carbohydrate structures, 
or (b) accumulate host cell glycoco«iugates during virion 
maturation, Furtherniore, HA has be—, generally regarded as 
restricted to animals and a few of — Leir virulent bacterial 
pathogens , Though many plant carbo~drates have been 
characterised, neither HA nor a rel :ed analog has previously 
been detected in cells of plants or >rotista. 

The vertebrate HAS enzymes (IXS^, liASl, HAS2, HAS3) and 

streptococcal HasA enzymes (spHAS a i seHAS) have several 

regions of sequence similarity, Wh — Le sequencing the double- 
stranded DNA genome of virus PBCV-j I Paramecium hurssrla^ 

chlorella virus], an OHF [open reacMig frame], A98R (Accession 
#442580) , encoding a 567 residue pr — lein with 28 to 33% amino 
acid identity to the various IIASs v\^3 discovered. This protein 
is designated cvHAS (chlorella vir\= HA synthase) . The gene 
sequence encoding PBCV-1 and its pnztein sequence are shown in 
SEQ ID N0S:7 and 8. 

PBCV'-l is the prototype of a Mnily (Phycodnarviridae) of 
large (175-190 nm diameter) polyhecTTal , plague- forming viruses 
that replicate in certain unicelluMr, eukaryotic chlorella-like 
green 
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algsie. PBCV-i virions contain at least 50 different proteins and 
a lipid component located inside the outer glycoprotein capsidJ 
The PBCV-^l genome is a linear, nonpermuted 330-kl3 dsDNA molecule 
with covalently closed hairpin ends. 

Based on its deduced amino acid sequence, the A9BR gene 
product should be an integral membrane protein. To teet this 
hypochesie^ recombinant A9aR was produced in Escherichia coli and 
the membrane fraction was assayed for HAS activity* TOP-GlcA and 
UDP-GlcNAc were incorporated into the polysaccharide by the 
membrane fraction derived from cells containing the A98R gene on a 
plasmid, pCVHAS, {average specific activity 2-S pmolee GlcA 
trans£er/^g protein/min) but not by samples from control cells 
(<0,001 pmoles GlcA transfer//ig protein/min) . No activity was 
detected in the soluble fraction of cells transformed with pCVHAS . 
UDP-GlcA and UDP-GlcNAc were simultaneously required for 
polymerization. The activity was optimal in Hepes buffer at pK 7.2 
in the piresence of 10 mM MnCla/ whereas no activity was detected if 
the metal ion was omitted. Mg^" and Co^* were -20% as effective as 
Mn^* at similar concentrations. The pmHAS has a similar metal 
requirement, but other H^Ss prefer Mg^* . 

The recombinant ASBR enzyme synthesised a polysaccharide with 
an average molecular weight of 3-6x.lO^ Da which is smaller than 
that" of the HA synthesized by recombinant spHAS or DG42 kIHAS In 
vitro (-10'' Da and -B-SxlO'^ Da, respectively; 13,15) . The 
polysaccharide was completely degraded by Streptomyces 
hyaiuroni ticus HA lyase, an enzyme that depolymerizes HA, but * not 

45 



StTBSXmiTE SHEET (RULE 26) 



wo 99/23227 



PCT/US98/23153 



Structurally related glycocaminc^ycans such as heparin and 
chondrv?itiii , 

PBCV'l infected chlorella ce~s were examined for A98R gene 

expression. A -1 , 700 -nucleotide ^SR transcript appeared at -15 

min post -infection and disappeaj — i by 60 min after infection 
indicating that A93R is an earl^^— gene . Consequently, membrane 
fractions from uninfected and PBCV , infected chlorella cells were 
assayed at '50 and 90 min poet-infecion for HAS activity. Infected 
cells f but not uninfected cel~, had activity. Dike the 
bacterially derived recorabinai= A98R enzyme, radiolabel 
incorporation from tJDP- ["CI GlcA =:to poly saccharide depended on 
both Mn** and UDP-GlcNAc, This radiolabeled produce was also 
degraded by Hk lyase. Disrupt^ PBCV-1 virions had no HAS 
activity- 

PBCV-i infected chlorella rells were analyzed for HA 
polysaccharide ueing a highly aaecific ^^^I- labeled HA-binding 
protein. Extracts from cells a so and 90 min post- infection 
contained s\ibstant ial amounts t= HA, fout not extracts froTTi 
uninfected algae or disrupted virions. The labeled HA- 

binding protein also interacted ^_th intact infected cells at 50 
and 90 min post -infect ion, but tm: healthy cells. Therefore, a 
considerable portion of the newly rnthesized HA polysaccharide was 
immobilized at the outer cell surrrace of the infected algae. The 
extracellular HA does not play an obvious role in the interaction 
between the virus and its algal ist because neither plaque size 
nor plaque number was altered y including either testicular 
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hyaluronidaee (465 units/ml) or free HA polysaccharide (lOO ^g/ml) 
in the top agar of the PBCV-l plaque assay. 

The PBCV-l genome alBo has additional genes that encode for an 
UDP-Glc dehydrogenase tUDP-Glc DH) and a glutaiQine:fructose-'€- 
phosphate aminotransferase (GFAT) , TTOP-Glc DH converts XIDP-Glc 
into UDP-GlcA, a required precursor for HA biosynthesis. GFAT 
conve rt s f rue t ose - 6 - phosphate into glucosamine - € -phosphate , an 
intermediate in the UDP-GlcNAc metabolic pathway* Both of these 
PBCV-1 genes, like the A98R HAS, are esqpressed early in infection 
and encode enzymatically active proteins- The presence of multiple 
enzymes in the HA biosynthesis pathway indicates that HA production 
must serve an important function in the life cycle of the chlorella 
viruses . 

HA synthases of StTepzacoccxis , vertebrates, and PBCV-i possess 
many motifs of 2 to 4 residues that occur in the same relative 
order- These conserved motifs probably reflect domains crucial for 
HA biosynthesis as shown in FIG. 2, The protein sequences of Group 
C seHAS, Group A spHAS, murine HASl, HAS2; HAS3 , and frog HAS are 
shown aligned in FIG* 2- The alignment of FIG* 2 was accomplished 
using the DNAsts multiple alignment program. Residues in seHAS 
identical in other known HAS family members (including human HASl 
and 2, not shown) are denoted by shading and asterisks. The amino 
acids indicated by dots are conserved in all members of the larger 
/3-glycosyl transferase family. The diamond symbol indicates the 
highly conserved cysteine residue that may be critical for enzyme 
activity. The approximate mid^ points of predicted membrane domains 
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MDl through MD7 are indicated wit= arrows. XI indicates Xeapus 
lAGviSf and KM denotes Mus nrnsuiil^- 

Regions of similarity betwee UASe and other enzymes that 
Byntheeize linked polysaccharide from UDP- sugar precursors are 
also being discovered as more glyc=syltransf erases are sequenced. 
Examples include bacterial cellulos synthase, fungal and bacterial 
chitin synthases f and the various JSs. The significance of these 
similar structural motifs vill bedie more apparent as the three- 
dimensional structures of glycosySransf erases accumulate. 

FIG. 3 depicts the evolutiona — relationships among the known 
hyaluronan synthase. The phylogen—ic tree of FIG, 3 was generated 
by the Higgins- Sharp algorithm usi r the DNAsis multiple alignment 
program. The calculated matching ^=rcentages are indicated at each 
branch of the dendrogram. 

The DNA segments of the present invention encompass 
biologically functional equivaleni — fAS proteins and peptides. Such 
sequences may arise as a consec::Bnce of codon redundancy and 
functional equivalency which are lown to occur naturally within 
nucleic acid sequences and he proteins thus encoded. 
Alternatively, functionally equivsant proteins or peptides may be 
created via the application of rec^binant DNA technology, in which 
changes in the protein structun^ may be engineered, based on 
considerations of the properties o^he amino acids being exchanged. 
Changes designed by man may be introduced through the application of 
site-directed mutagenesis tecHZiqueSj e.g., to introduce 
improvements to the enzyme activj / or to antigenicity of the HAS 
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protein or to test HAS mutants in order to examine HA synthaBe 
activity at the molecular level. 

Also, specific changes to the HAS coding sequence can result in 
the production of HA having a modified size distribution or 
structural configuration- One of ordinary skill in the art would 
appreciate chat the HAS coding sequence can be manipulated in a 
manner to produce an altered hyaluronate synthase which in turn ie 
capable of producing hyaluronic acid having differing polymer sizes 
and/or functional capabilities. For example, the HAS coding 
sequence may be altered in such a manner that the hyaluronate 
synthase has an altered sugar substrate specificity so that the 
hyaluronate synthase creates a new hyaluronic acid-like polymer 
incorporating a different structure such as a previously 
unincorporated sugar or sugar derivative. This newly incorporated 
sugar could result in a modified hyaluronic acid having different 
functional properties, a hyaluronic acid having a smaller or l&rger 
polymer sise /molecular weight, or both. As will be appreciated by 
one of ordinary skill in the art given the HAS coding sequences, 
changes and/or substitutions can be made to the HAS coding sequence 
such that these desired property and/or size modifications can be 
accomplished. Table II lists sugar nucleotide specificity and 
magnesium ion requirement of recombinant seHAS . 
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TABLE I 

Sugar nucleotide ^=&clficlt:y and 
Uagnesium ion requirementzrof recoooibinant fleH&S 



HA Synthesis* 

Second Sugar nucleotide XJDP- *C]GlcA OTP- [^H] GIgNAc 

present (f*M) d — \ (%) dpm {%) 



None 




90 :2.1%) 


8 


(1.2%) 


tJDP-GlcNAc 


(300) 


4134 ;xoo%} 






TOP-GlcA 


(120) 




635 


(100%) 


XJDP-Glc 


(ISO) 


83 (l-9^r) 


10 


(1-5%) 


XJDP-GalNAc 




74™<l-7%) 


19 


C2.9%) 


TOP -Gal A 


HBO) 


58=C1.4%) 


19 


(2.9%) 


UDP-GlcEIAc 


+ EDTA 


3 3 (0-7%) 






UDP-GlcA + 


EDTA 




22 


(3,4%) 



* Membranes (324 ng protein) we^ incubated at 37 ^'C for 1 h with 
either 120 /iM TIDP- l^^C] GlcT^ t2 . 8x10* dpm) or 300 UDP- 
[^HlGlcNAc <2xl0* dpm) . The r— iolafaeled eugar nucleotide was 
used in the presence of the i««icated second nonlabeled sugar 
nucleotide. HA synthase acti — ^.ty was determined as described 
in the application. 

The term "modified structurrz" as used herein denotes a 
hyaluronic acid polymer contain^fcf a sugar or derivative not 
normally found in the naturally o<=urring HA polysaccharide. The 
term "modified size distributio refer to the synthesis of 
hyaluronic acid molecules of a s i zsj i gt ribut ion not normally found 
with the native enzyme; the engine^ssd size could be much smaller or 
larger than normal . 

Various hyaluronic acid pr — iucts of differing size have 
application in the areas of drug c=Livery and the generation cf. an 
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enzyme of altered structure can be combined with a hyaluronic acid, 
of differing Eize, Applications in angiogeneeis and wound healing 
are potentially large i£ hyaluronic acid polymers of about 20 
monosaccharides can be made in good quantities. Another particular 
application for small hyaluronic acid oligosaccharides is ±n the 
stabilization of recombinant human proteins used for medical 
purposes. A major problem with such proteins is their clearance 
from the blood and a short biological half life. One present 
solution to this problem is to couple a email molecule shield that 
prevents the protein from being cleared from the circulation too 
rapidly* Very small molecular weight hyaluronic acid is well suiteo. 
for this role and would be no n immunogenic and biocompatible. Larger 
molecular weight hyaluronic acid attached to a drug or protein may 
be used to target the reticuloendothelial cell system which has 
endocytic receptors for hyaluronic acid. 

One of ordinary skill in the art given this disclosure would 
appreciate that there are several ways in which the size 
distribution of the hyaluronic acid polymer made by the hyaluronate 
synthase could be regulated to give different sizes. First, the 
kinetic control of product size can be altered by decreasing 
temperature J- decreasing time of enzyme action and by decreasing the 
concentration of one or both sugar nucleotide substrates. 
Decreasing any or all of these variables will give lower amounts and 
smaller sizes of hyaluronic acid product. The disadvantages of 
these approaches are that the yield of product will also be 
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decreased and it may be difficult ,o achieve reproducibility from 
day to day or batch to batch- 

Secondly^ the alteration of tBi intrinsic ability of the enzyme 
to synthesize a large hyaluronicrzacid product- Changes to the 
protein can be engineered by recoT»Btnant DNA technology ^ including 
substitution, deletion and additio— of specific amino acids <or even 
the introduction of prosthetic groi — s through metabolic processing) , 
Such changes that result in an i=rinsiaally slower enzyme could 

then allow more reproducible con rol of hyaluronic acid size by 

kinetic means* The final hyalu mic acid size di£5tribution X& 
determined by certain characterise cg of the enzyme, that rely on 
particular amino acids in the seq — ^^nce . Among the 20% of residues 
absolutely conserved between th« streptococcal enzymes and the 
eukaryotic hyaluronate synthases^ ihere is a set of amino acids at 
\mique positions that control or eatly influence the size of the 
hyaluronic acid polymer that the ^ssyme can make. Specific changes 

in any of these residues can produ s a modified HAS that produces an 

KA product having a modified size Lstribution. Engineered changes 
to seHAS, spHAS^ pmHAS, or cvHAS t it decrease the intrinsic size of 
the hyaluronic acid that the enzv=*i can make before the hyaluronic 
acid is released, will provide po^i^arful means to produce hyaluronic 
acid product of smaller or potentially larger size than the native 
enzyme . 

Finally, larger molecular eight hyaluronic acid made be 
degraded with specific hyaluronid tes to make lower molecular weight 
hyaluronic acid. This practice however, is very difficult to 
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achieve reproducibility and one must meticulously repurify the- 
hyaluronic acid to remove the hyaluronidaee and unwanted digestion 
products . 

As shorn in FIG. 4^ hyaluronan eyxithaee can be engineered to 
produce hyaluronic acid polytaere of different size, in particular 
smaller, than the. normal wildtype enzyme* The figure shows the 
distribution of HA sises (in millions of Dal tons, a measure of 
molecular weight) for a series of spHAS enzymes ^ each of which was 
engineered by site directed mutagenesis to have a single amino acid 
change from the native enzyme. Each has a different Cysteine 
residue replaced with Alanine. The cluster of five curves with open 
symbols represent the following spHAS proteins: wildtype, C124A, 
C261A, C36 6A, and C4 02A. The filled circles represent the poorly 
expressed C225A protein which is only partially active. 

The filled triangles is the C2 80A spHAS protein^ which is found 
to synthesize a much smaller range of HA polymers than the normal 
enayme or the other variants shown. This reduction to practice 
shows that it is feasible to engineer the hyaluronate synthase 
enzyme to synthesize a desired range of HA product si^es- The 
eeHAS, pmHAS, and cvHAS genes encoding hyaluronate synthase can also 
be manipulated by site directed mutagenesis to produce an enzyme 
which synthesizes a desired range of HA product sizes. 

Structurally modified hyaluronic acid is no different 
conceptually than altering the siae distribution of the hyaluronic 
acid product by changing particular amino acids in the desired HAS 
or the spHAS . Derivatives of UDP-GlcNAc, in which the N-ace,tyl 
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group is miBBing UDP-GlcN or rep lac — L with another chentieaily useful 
group J are expected to be particula — y useful. The strong substrate 
specificity must rely on a partici — ar subset of amino acids among 
the 20% that are conserved* Specific changes to one or more of 
these residues creates a functiois^ synthase that interacts less 
specifically with one or more of he substrates than the native 
enzyme- This altered enzyme could len utilize alternate natural or 
special sugar nucleotides to incorT=rate Bugar derivatives designed 
to allow different chemistries t^be employed for the following 

purposes: (i) covalently couplir specific drugs, proteins, or 

toxins to the structurally modif i^^ hyaluronic acid for general or 

targeted drug delivery, radio] ^ical procedures, etc. (ii) 

covalently cross linking the hya~ronic acid itself or to other 
supports to achieve a gel^ or oth ■ three dimensional biomaterial 
with stronger physical propertie — and (iii) covalently linking 
hyaluronic acid to a surface to rreate a biocompatible film or 
monolayer . 

Bacteria can also be engine=ed to produce hyaluronic acid. 
For instance, we have created strsm^s of B. suhtixlle containing the 
spHAS gene, as well as the gene ar one of the sugar nucleotide 
precursors. We chose this bacter . since it is frequently used in 
the biotech industry for the prod — ition of products for human use. 

These bacteria were intended as f i st generation prototypes for the 

generation of a bacterium able to roduce hyaluronic acid in larger 
amounts than presently available sing a wild type natural strain. 
We put in multiple copies of thes genes. 
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For exampler three B&cilluB eubtiliB strains were constructed, 
to contain one or both of the Streptocoaaus pyogejnes genes for 
hyaluronan synthase (spHAS) and T7DP -glucose dehydrogenase, the 
results of which are shown in Table Il-B, Based on a sensitive 
commercial radiometric assay to detect and quant it ate H?^, It was 
determined that the strain with both genes {strain #3) maJces and 
secretes .HA into the medium. The parent strain or the strain with 
just the dehydrogenase gene (strain #1} does not make HA. Strain 
#2, which contains just the spHAS gene alone makes HA, but only 10% 
of what strain #3 makes. Agarose gel electrophoresis showed that 
the HA secreted into the medium by strain #3 is veiry high molecular 
weight » 



TABLE II-B 



Strain 
Number 


Cells 


Medium (*) 


Strain with 
genes 


Cell 
density 
(Ag^p) 


(;ig HA per ml of culture) 


1 


0 


0 


hasB 


4.8 


2 


4 


35 


SpHAS 




3 


«>10 


>250 


SpHAS + 
hasB 


3.2 



{*) Most HA is in media but some was cell - associated ; HA was 
determined using the HA Test 50 kit from Pharmacia* 
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These experiment e ueed the s ^eptococcal promoter© normally- 
found with these genes to drive pr<=aitL expression. It io expected 
that the construction of strains — th the spHAS or seHAS reading 
frame under control of a B. sub til :C promoter would yield even more 
superior reeults. The vector Mf=\ is a Gram positive/^. Coll 
shuttle vector that has a medium t — py number in B- aubtilis and a 
gene for erythromycin resistance (sabling resistence to 8 /Ag/ml in 
B, suht±lXs or 175 /tg/ml in £- col . The B. subtllxB host strain 
U6ed is lAl from BGSC, which ha a tryptophan requirement but 
otherwise is wildrype, and can =orulate- Cell growth and HA 
production was in Spizizens Mininia~^edia plus tryptophan, glucose, 
trace elements and erthrotnycin (8 _/ml) . Growth was at 32 degrees 
Celsius with vigorous agitation un 1 the medium was exhausted (-3 6 
hours) - 

This demonstrates that these Loengineered cells, which would 
not normally make hyaluronic acid became competent to do bo when 
they are transformed with the spH^ gene . The seHAS would also be 
capable of being introduced into non- hyaluronic acid producing 
bacteria to create a bioengineeMd bacterial strain capable of 
producing hyaluronic acid . 

A preferred embodiment of th— present invention is a purified 
composition comprising a polypept Le having an amino acid sequence 
in accordance with SEQ ID 110:2. Tl=; term "purified" as i*sed herein, 
is intended to refer to an HAS prcssain composition, wherein the HAS 
protein or appropriately modifie HAS protein (e.g, containing a 
[HISlg tail) is purified to any czzgree relative to its naturaliy- 
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obtainable , state, i.e., in this case, relative to ita purity within 
a prokaryotic cell extract, HAS protein may be isolated from 
StT-Bpt:ococcu8, PastiurellB, chlorella. virus, patient epecimens, 
recombinant cellB, infected tissues / isolated eubpopulation of 
tissues that contain high levels of hyaluronate in the extracellular 
matrix, and the like, as will be known to those of skill in the art, 
in light of the present disclosure • For instance ^ the recombinant 
seHZ^ or spHAS protein makes up approximately 10% of the total 
membrane protein of B* aoli. A purified HAS protein composition 
therefore also refers to a polypeptide having the amino acid 
sequence of SEQ ID NO: 2, free from the environment in which it may 
naturally occur {FIG* 5) . 

Turning to the expression of the seHAS gene whether from 
genomic DWA, or a cDNA, one may proceed to prepare an expression 
system for the recombinant preparation of the HAS protein. The 
engineering of DNA segment (s) for expression in a prokaryotic or 
eukaryotic system may be performed by techniques generally known to 
those of skill in recombinant expression- 

HAS may be successfully expressed in eukaryotic expression 
systems, however, the inventors aver that bacterial expression 
systems can be used for the preparation of HAS for all purposes . It 
is believed that bacterial expression will ultimately have 
advantages over eukaryotic expression in terms of ease ©f use, cost 
of production, and ctuantity of material obtained thereby. 

The purification of streptococcal hyaluronan synthase (seHAS 
and spHAS) is shown in Table III and FIG. 6, Fractions from varipus 
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Stages of the purification scheme ere analyzed by SDS-PAGE on a 
12 -S% gel, which vae then stained =th Coomassie Brilliant Blue H- 
250- Lanee: molecular weight !nar~rs; 1, whole E.coll membranes 
containing the recoTRbinant fieHAS-:^; 2, insoluble fraction after 
detergent solubilization of memba^nes; 3^ detergent solubilized 
fraction; 4, f low- through from the J^^NTA chromatography resin; 5-9, 
five successive washes of the coluis (two column volumes each) ; lo, 
the eluted pure HA synthase which 6 a single band« 

TABL£ XJ 



Step 


Total 
Protein 
(ug) 


Specific 
Activity 
(mmol/ug/ 
hr. 


— ^tal 

Jtivity 

imol 

)P-G1gA) 


Yield 
(%) 


Purification 
(-fold) 


Membranes 


3690 


1,0 


;49 


100 


1.0 


Extract 


2128 


2.2 


f25 


129 


2,2 


Affinity 
Coluoizi 


39 


13 


>0 


14 


13 .1 



It is proposed that transf cwiation of host cells with DNA 
segments encoding HAS will provide convenient means for obtaining 
a HAS protein. It is also propoa ; that cDNA, genomic sequences, 
and conibinations thereof, are ©uit^^e for eukaryotic expression, as 
the host cell will, of course, pr less the genomic transcripts to 
yield functional mRHA for transla on into protein. 

Another embodiment of the p isent invention is a method of 
preparing a protein composition — mprising growing a reconibinant 
host cell comprising a vector that^ncodes a protein which includejs 
an amino acid sequence in ac— ^rdance with SEQ ID NO : 2 or 
functionally similar with conser — ^:d or semi - conserved amino acid 
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changes. The host cell will be grown under conditions permitting 
nucleic acid expression and protein production followed by recovery 
of the protein so produced. The production of HAS and ultimately 
H&jp including the host cell, conditions permitting nucleic acid 
expression^ protein production and recovery will be known to those 
of skill in the art in light of the present disclosure of the seHAS 
gene, and the seHAS gene protein product HAS, and by the methods 
described herein. 

Preferred hosts for the expression of hyaluronic acid are 
prokaryotes, such as S, Gqul&lmiliE, and other suitable metnbers of 
the streptococcus species. However, it is also known that HA may be 
synthesized by heterologous host cells expressing recombinant HA 
synthase, such as epeciee Ttiembers of the Beiclllus , Snterococcus, or 
even Escherichia genus. A most preferred host for expression of the 
HA synthase of the present invention is a bacteria transformed with 
the HAS gene of the present Invention, such as Ifactococcus species « 
Bacillus suhtilis or coll. 

It is similarly believed that almost any eukaryotic expression 
system may be utilized for the expression of HAS e.g, , baculovirus- 
basedf glut amine synthase -based, dihydrof olate reductase -based 
systems, SV^40 based, adenovirus -based, cytomegalovirus -based, 
yeast-based, and the like, could be employed. For expression in 
this manner, one would position the coding sequences adj-acent to and 
under the control of the promoter. It is understood in the art that 
to bring a coding sequence under the control of such a promoter , one 
positions the S' end of the transcription initiation Esite of the 
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transcriptional reading frame of protein between about X and- 

about 50 nucleotides "downstream" of (i.e., 3 ' of) the chosen 
promoter- Also, Saccharomyces cei— i/'iFiae yeast expression vector 
systems, such as pyfiS2, will also joduce HhS under control of the 
GAIx promoter as shown in PIG* 7. F~- 7 shows that the spHAS enzyme 
was produced in recombinant yeast ising Che pYES2 plasmid. When 
supplied with "DDP-GlcA and UDP- .cNAc, the ens;yine wakes high 
molecular weight HA, 

Where eukaryotic expression s contemplated, one will also 
typically desire to incorporate int=: the transcriptional unit which 
includes the HAS gene or DNA, an ^^ropriate polyadenylation site 
(e-g,, 5 ' -AATAAA-3 ' ) if one was n= contained within the original 

cloned segment. Typically, the po] A addition site is placed about 

30 to 2000 Tincleotidee downs treaiEzz of the termination site of the 
protein at a position prior to tr— ascription termination. 

It is contemplated that virtu .ly any of the commonly employed 
host cells can be used in connect iiiri with the expression of HAS in 
accordance herewith. Examples of preferred cell lines for 
escpressing HAS cDKA of the presfc^ invention include cell lines 
typically employed for eukaryotic=xpreasion such as 239, AtT-20, 
HepG2, VERO, HeLa, CHO, WI 3B, BHK=COS-7, RIN and MDCK cell lines. 
This will generally include the — eps of providing a recombinant 
host bearing the recombinant DWA s ment encoding the HAS enzyme and 
capable of expressing the enzyme; ilturing the recombinant host in 

media under conditions that will allow for transcription of the 

cloned HAS gene or cDKA and appreciate for the production of the 
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hyaluronic acid? and separating and purifying the HAS enzyme or the 
secreted hyaluronic acid from the recombinant host* 

Generally, the conditions appropriate for expression of the 
cloned HAS gene or cDNA will depend upon the promoter, the vector, 
and the host system that is employed. For example, where one 
employs the lac promoter, one will desire to induce transcription 
through the inclusion of a material that will stimulate lac 
transcription, such as isopropylthiogalactoside . For example, the 
cloned seHAS gene of the present invention is expressed as a H1S« 
containing protein in coli as shown in FIG, 5. Where other 
promoters are employed, different materials may be needed to induce 
or otherwise up ^ regulate transcription- 

FIG- 5 depicts the overexpression of ire comb inant seHAS and 
spHAS in E. coll. Membrane proteins (5mg per lane) were 
fractionated by SDS-PAGE using a 10?^ (w/v) gel under reducing 
conditions- The gel was stained with Coomassie blue 
photographed, scanned, and quant i t at ed using a moleeular dynamics 
personal dens it came ter (model PDSI P60) . The position of HA synthase 
is marked by the arrow. Lane A is native spHAS (Group A) ? Lane C is 
native seHAS; Lane E is recombinant seHAS; Lane P is recombinant 
spHAS,' Lane V is vector alone. Standards used were Bio-rad low Mr 
and shown in kDa. 

In addition to obtaining expression of the synthase, one will 
preferably desire to provide an environment that is conducive to HA 
synthesis by including appropriate genes encoding enzymes needed for 
the biosynthesis of sugar nucleotide precursors, or by using growth 
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media containing EVibstrateE for tt= precureor- supplying enzyraee, 
fiuch as N-^acetylglucosamine or glu — jsamine (GlcNAc or GlcNH-^) and 
glucoBe (Glc) . 

One may further desire to inco lorate the gene in a hoBt which 
is defective in the enzyme hyaliwjnidase, so that the product 
synthesized by the enzyme will n . be degraded in the medium. 
Furtheirmore , a host would be chose to optimize production of HA* 

For example, a suitable host vou L be one that produced large 

quaixtitiee of the sugar nucleotid^precursors to support the HAS 
enzyme and allow it ta produce lar^g quantities of HA. Such a host 
may be found naturally or may be sssde by a variety of techniques 
including mutagenesis or recomtoinanz: DNA technology* The genes for 
the sugar nucleotide synthesizing e=cymes^ particularly the UDP-GLc 
dehydrogenase T'equired to produce '"P-GlcA^ could also be isolated 
and incorporated in a vector alon=with the HAS gene or cDNA. A 
preferred embodiment of the pre sen invention is a host containing 
these ancillary recombinant gene o cDNAs and the amplification of 
these gene products thereby allowirMfox increased production of KA. 

The means employed for cul taring of the host cell is not 
believed to be particularly cruci=. For useful details, one may 
wish to refer to the disclosur^of U.S. Pat. Nos . 4,517,295; 
4,a01,S35; 4,784,9 90; or 4,7 80,4 t; all incorporated herein by 
reference. Where a prokaryotic nost is employed, such as S* 
eguisimili^, one may desire to emp^^ a fermentation of the bacteria 
under anaerobic conditions in COa-e=riched broth growth media. This 
allows for a greater production of ^ than under aerobic conditions* 
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Another consideration is that Streptococcal celle grown 
anaerobically do not produce pyrogenic exotoxins. Appropriate 
growth conditions can he euetomized for other prokaryotic hosts, as 
will be laiown to those of skill in the art/ in light ot the present 
disclosure - 

Once the appropriate host has been constructed, and cultured 
under conditions appropriate for the production of HA, one will 
desire to separate the HA eo produced. Typically, the HA will be 
secreted or otherwise shed by the recombinant organism into the 
surrounding media, allowing the ready isolation of HA from the media 
by known techniques. For example ^ HA can be separated from the 
cell£3 and debris by filtering and in combinatiDn with separation 
from the media by precipitation by alcohols such as ethanol . Other 
precipitation agents include organic solvents such as acetone or 
quaternary organic ammonium salts such as cetyl pyridinium chloride 
CCPC) . 

A preferred technique for isolation of HA is described in U.S. 
Pat. No, 4,517,295, and which is incorporated herein by reference, 
in which the organic carboxyllc acid, trichloroacetic acid, is added 
to the bacterial suspension at the end o£ the fermentation. The 
trichloroacetic acid causes the bacterial cells to clump and die and 
facilitates the ease of separating these cells and associated debris 
from HA, the desired product. The clarified supernatant is 
concentrated and dialyzed to remove low molecular weight 
contaminants including the organic acid. The aforementioned 
procedure utilizes filtration through filter cassettes containing 
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0,22 pore size filters. Diafi] ration is continued until the. 

conductivity of the solution decre=es to approximately O.S mega- 
ohms. 

The concentrated HA la preci^tated by adding an excess of 
reagent grade ethanol or other orgai=c solvent and the precipitated 
HA is then dried by washing wi i ethanol and vacuum dried, 
lyophilissed to remove alcohol. The lA can then be rediseolved in a 
borate buffer, pH 8, and precipit — ed with CPC or certain other 
orgeuiic axnmonium salts fiuoh as CE^^S, a mixed trimethyl ammonium 
bromide solution at 4 degree (s) Ce=Bius , The precipitated HA is 

recovered by coarse filtration, resi ^pended in 1 M NaCl , diaf iltered 

and concentrated as further desc .bed in the above referenced 
patent. The resultant HA is fil«r sterilised and ready to be 
converted to an appropriate salt^ ry powder or sterile solution, 
depending on the desired end use. 

A* Typical Genetic Engineering H^^ods Which Hay Be Employed 

If cells without formidable c^L membrane barriers are used as 
host cells, transfection is carri= out by the calcium phosphate 
precipitation method, well knovm o those of skill in the art. 
However, other methods may also b used for introducing DNA into 
cells such as by nuclear njection, cationic lipids, 
electroporation, protoplast fus »n or by the Biolistic (cm) 
Bioparticle delivery system dev<=nped by DuPont {X58 9> . The 
advantage of using the DuPont s — item is a high transformation 
efficiency. If prokaryotic cells a — cells which contain substantial 
cell wall constructions are u — d, the preferred, method of 
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tranef ectLon is calcium troatment using calciunt chloride to induce, 
competieiice or electLroporat.ioii . 

Constnictiozi of suitable vectors containing the desired coding 
and control sequences employ standard ligation techniques . Isolated 
plasmids or DNA fragments are cleaved/ tailored^ and religated in 
the form desired to construct the plasmids required. Cleavage is 
performed by treating with restriction enzyme (or enzymes) in 
suitable buffer. In general, about 1 ^g plasmid or DNA fragments 
are used with about l unit of enzyme in about 20 fil of buffer 
solution. Appropriate buffers and substrate amounts for particular 
restriction enzymes are specified by the manufacturer. Incubation 
times of about 1 hour at 27** C are workable- 

After incubations, protein is removed by extraction with phenol 
and chloroform, and the nucleic acid is recovered from the aqueous 
fraction by precipitation with ethanol. If blimt ends are required, 
the preparation is treated for 15 minutes at 15' C with 10 units of 
Polymerase I (Klenow) , phenol -chloroform extracted, and ethanol 
precipitated. For ligation approximately eguimolar amounts of the 
desired components, suitably end tailored to provide correct 
matching are treated with about 10 units T4 DNA ligase per 0,5 fig 
DNA, Vlhcn cleaved vectors are used as components, it may be useful 
to prevent religation of the cleaved vector by pretreatment with 
bacterial alkaline phosphatase. 

For analysis to confirm functional sequences in plasmids 
constructed, the first step was to amplify the plasmid BNA by 
cloning into specifically competent E. coll SURE cells (Stratagene) 
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by doing transformation at 30-32»C, Second, the recombinant plaemid- 
is used to transform E. coll K5 str — ^.n Bi8337"41, which can produce 
the UDP-GlcA precursor, and eucce tful transf ormants selected by 
antibiotic resistance as appropria=. Plasmids from the library of 
trans formants are then screened f oa=Dacterial colonies that exhibit 
HA production- These colonies re picked^ amplified and the 
plasmids purified and analyzed by r— triction mapping. The plaemids 
showing indications of a functiczral HAS gene are then further 
characterized by any number of secrence analysis techniques which 
are known by those of ordinary sk — 1 in the art - 
B» Source and Host Cell Cultures nd Vectors 

In general y prokaryotes were sed for the initial cloning of 
DNA sequences and construction 5 the vectors useful in the 
invention. It is believed that suitable source tnay be Gram- 
positive cells, particularly th se derived from the Group C 

Streptococcal strains. Bacteria w=h a single membrane, but a thick 
cell wall such as Staphylococci anc^t rep tocoeci are Gram-positive* 
Gram- negative bacteria such as 7. coli contain two discrete 

membranes rather than one surroi ding the cell* Gram -negative 

organisms tend to have thinner ceZI walls* The single metitorane of 
the Gram -positive organisms is nalogous to the inner plasma 

membrane of Gram-negative bactera The preferred host cells are 

Streptococcus strains that are — "Xated to become hy-aluronidase 
negative or otherwise inhibited EP144019, EP266578, EP244757) , 
Streptococcus strains that have bi^^ particularly useful include 
&qulslrnills and zooepidsiaicus 
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Prokaryotes may also be used for expression. For the_ 
expression of HA eynthaee in a form most likely to accommodate high 
molecular weight HA synthesie, one may desire to employ 
Streptococcus species such as S* eqalsimxXlB or S. zooepldsmlcus . 
The aforementioned strains, as well as E. coli W3110 (F-^ lambda-, 
prototrophic, ATCC No, 273325), bacilli such ae Ba.cilluu suhtilis, 
or other enterobacteriaceae such as Serratia m^rce&cenB , could be 
utilised to generate a "super" HAS containing host. 

In general, plasmid vectors containing origins of replication 
and control sequences which are derived from species compatible with 
the host cell are used in connection with these hosts. The vector 
ordinarily carries an origin of replication, as well as marking 
sequences which are capable of providing phenotypic selection in 
transformed cells. For example, £, coll is typically transformed 
using pBR322. a plasmid derived from an £, coli species. pBil322 
contains genee for ampicillin and tetracycline resistance and thus 
provides easy means for identifying transformed cells. A pBR 
plasmid or a pUC plasmid, or other microbial plaamid or phage must 
also contain, or be modified to contain, promoters which can be used 
by the microbial organism for Expression of its own proteins, 

Those promoters most commonly used in recombinant DNA 
construction include the lacZ promoter, tac promoter, the T7 
bacteriophage promoter ^ and tryptophan (trp) promoter system. While 
these are the most commonly used, other microbial promoters have 
been discovered and utilized, and details concerning their 
nucleotide sequences have been published, enabling a skilled worker 
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to Xlgatie them functionally with pi ;niid vectors , Also for use with. 

the present invention one may utlT se integration vectors* 

In addition to prokaryotee, ei; — aryotic tnicrobes, such ae yeast 
cultures may aleo be used* S&ccJ^jromyces cenvieiae, or cotnmon 
baker's yeaet is the most co lonly used among eukaryotic 
microorganisms, although a nnmbezzznf other strains are commonly 
available. For expression in Sacc tromyces, the plaemid YRp?, for 
example, is commonly used. This p ismid already contains the trpl 
gene which provides a selection ma=er for a mutant strain of yeast 

lacking the ability to grow withoi tryptophan, for example, ATCC 

No. 44 076 or PEP4-1- The preface of the trpi lesion as a 
characteristic of the yeast host^cell genome then provides an 
effective environment for detect in transformation by growth in the 
absence of tryptophan, Suitabl — ■ promQting sequences in yeast 
vectors include the promoters for le galactose utilization genes, 
the 3 -phosphoglycerate kinase or cziier glycolytic enzymes, such as 

enolasc , glycer aldehyde - 3 -phosph e dehydrogenase , hexoJcinase , 

pyruvate decarboxylase, phosphof =ctokinase, glucose -S -phosphate 
isomer as e , 3 -phosphoglycerate mutase , pyruvate kinase , 
triosephosphate iaomerase, pMsphoglucose isomerase, and 
glucokinase . 

In constructing suitable exp :asion plasmids, the termination 
sequences associated with these 2nes are also ligated into the 

expression vector 3' of the seqi nee desired to be expressed to 

provide polyadenylat ion of the mRWA and termination. Other 
promoters, which have the addit nal advantage of transcription 
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controlled by growth conditions are the promoter region for alcohol 
dehydrogenase 2, cytochrome Cr acid phosphatase^ degradative enzymes 
associated with nitrogen metaboliGm, and the aforementioned 
glycer aldehyde -3 -phosphate dehydrogenase ^ and enzymes responsible 
for maltose and galactose utilization. Any plasmid vector 
containing a yeast -compatible promoter, origin of replication and 
termination sequences is suitable. 

Tn addition to microorganisms, cultures of cells derived from 
multicellular organisms may also be used as hosts. In principle 
any such cell culture is workable, whether from vertebrate or 
invertebrate culture. However, interest hcis been greatest in 
vertebrate cells, and propagation of vertebrate cells in culture has 
become a routine procedure in recent years . Examples of such useful 
host cell lines are VERO and HeLra cells, Chinese hamster ovary (CHO) 
cell lines, and 1^128, BHK, COS, and MDCK cell lines. 

For use in mammalian cells, the control functions on the 
expression vectors are often provided by viral material. For 
example, commonly used promoters are derived from polyoma, 
Adenovirus 2, bovine papilloma virus and most frecjuently Simian 
Virus 40 (SV40) , The early and late promoters of SV40 virus are 
particularly useful because both are obtained easily from the virus 
as a fragment which also contains the SV40 viral origin of 
replication. Smaller or larger SV40 fragments may also be used, 
provided there is included the approximately 250 bp sequence 
extending from the Hind III site toward the Bgl I site located in 
the viral origin of replication. 
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Further, it ie also poecible, nd often desirable, to utilize 
promoter or control sequence s norm — ^ly associated with the desired 
gene sequence, provided such contr , sequences are compatible with 

the host cell systems - An origin >f replication may be provided 

either by construction of the vecto to include an escogenous orig"in^ 
such as may be derived from SV40 r other viral (e.g^^ Polyoma, 
Adeno, BPV) source, or may be proviSsd by the host cell chromosomal 
replication mechanism . If the vec=^r is integ^rated Into the host 
cell chromosome, the latter mechar^sm is often sufficient* 
C* XsolatiioTL of a bona fide ^= synthase ^ene from a higrhly 
encapsulated strain of Group streptococcus ecfuisimxlis. 
The encoded protein, design — .ed seHAS, is 417 amino acids 

(calculated molecular weight of 4 ,778 and pi of 9,1) and is the 

smallest member of the HAS f amil — identified thus far (FIG, 2) , 
eeKAS also migrates anomalously ±&=i in SDS-PAGE kDa) (FIGS. 

5 and fi) - 

FIG- 8 is a graphical represei — ation of a Western Blot analysis 
of recombinant seHAS using specif i antibodies. Group C (C; lane i) 
or Group A (A; lane 4) Streptococci membranes and E. coll membranes 
(9 mg/lane) containing recombinan seHAS CE; lanes 2, 7, and 9) or 
spHAS (P; lanes 3, 6, 8. and 10) w e fractionated by reducing SDS- 
PAGE and elect rctransf erred t— nitrocellulose. Strips of 

nitrocellulose were probed and developed as deBcribed in the 
application using purified igG f LCtions raised to the following 
regions of spHAS: rientral domain=peptide e"'-T"^ (lanes 1-4) ; C- 
terminus peptide (lanes 5-6) ; the omplete protein [lanes 7 and S) ; 
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recombinant central domain (lanes 9 and 10) . Nojiimmnne XgG or 
membranes fi-ora celle transformed with vector alone gave no staining 
ae in lane B , 

The seUAS and spHAS protein {previously identified in U.S. 
Serial No* 08/e99,940) encoding eequencee are 72% identical- The 
deduced protein sequence of seHAS waa confirmed by reactivity with 
a synthetic peptide antibody {FIG. 8) . Recombinant BeH2^ expreseed 
in E. coli was recovered in membranee ae a major protein (FIG. s) 
and synthesized very large molecular weight HA in the presence of 
UDP-GlcKAc and DDP-GlcA in vitro (FIG- 9) , 

FIG. 9 shows a kinetic analysis of the HA size distributions 
produced by seHAS and spHAS , E, coll membranes containing equal 
amounts of seHAS or spHAS protein were incubated at 37*C with 1*35 
mM UDP- ["C] GlcA (1.3 x 10^ dpm/nmol] and 3.0 mM UDP-GlcNAc as 
described in the application. These substrate concentrations are 
greater than 15 times the respective Km valves. Samples taken at 
0,5/ 1.0, and 60 min were treated with SDS and chromatographed over 
Sephacryl S400 Hii , The KA profiles in the fractionation range of 
the column (fractions 12-24) are normalized to the percent of total 
HA in each fraction. The values above the arrows in the top panel 
are the MWs (in millions) of HA determined directly in a separate 
experiment using a Dawn multiangle laser light scattering instrument 
(Wyatt Technology Corp.) , The size distributions of HA synthesized 
by seKAS and spHAS (0,D,_) at 0.5 min (O,*), 1,0 min (□,■> 

and 60 min are shown as indicated. Analysis showed that seHAS 

and SpHAS are essentially identical in the size distribution of HA 
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chains they syntheeize (FIG* 9) . S^AS is twice 
its ability to make KA, 

C»l Bacterial straine and ve=ors 

The mucoid group C strain D181; Streptococcus egulBlmills) was 
obtained from the Rockfeller Univ€=sity Collection. The E, coll 
host strains Sure and XLl-Blue MRF' ere from Stratagene and strain 
Topic P' was from Invitrogen- Unle^ otherwise noted. Streptococci 
were grown in THY and B- col J. straii= were grown in LB medium, pKK- 
223 Expression vector was from Phan=:ia, PGR 2,x cloning vector was 
from Invitrogen, and predigested X 5^=p Express TM Bam HI/CIAP Vector 
was from Stratagene. 

C*2 RecoiBbinant DNA and Clon — ig 

High molecular mass Genomic DN — from Streptococcus equlsimiJis 
isolated by the method of Caparon a — i Scott (as known by those with 
ordinary skill in the art) was part illy digested with Gau3Al to an 
average siae of 2-12 kb. The dig ited DNA was precipitated with 
ethanol , washed and ligated to the ut) HI/CIAPX Zap Express vector. 
Ligaced DNA was packaged into pbrge with a Packagene^ extract 
obtained from Promega , The titer the packaged phage library was 
checked using XLl-Blue MRF' E- co= as a host- 
C.3 Degenerate PCE Ampli fiction 

Degenerate oligonucleotides w :e designed based upon conserved 

sequences among spHAS {Streptococci pyogenes) , DG42 (Xeaopus laevi^s 

HAS? 19} and node (a Rhlzoblum ineJI^oci nodulation factor; 20} and 
were used for PCR amplification wil= D181 genomic DKA as a template- 
Amplification conditions were 34 c ;les at: 94'='C for 1 min, 44*^0 for 
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1 min, 72^C for 1.5 min followed by a final extension at 72^C 
for 10 inin. Oligonucleotide HMRFI, 5 ' ^GAY MGA YRT VTX ACX AAT 
TAY OCT ATH GAY TTR tSEQ ID NO: 20; sense strand) 

corresponds to the sequence D^ssrcliwyaIDL [SEQ id HO: 9; spHASl • 
Oligonucleotide HACTRl, 5 ' -ACG WGT WCC CCA KTC XGY ATT TTT NZUD 
XGT RCA- 3' (SEQ ID NO: 21; anti sense strand) corresponds to the 
region C^'^^TIKNTEWGTR (SEQ ID NO: 10? spHAS) . The degeneracy of 
bases at some positions are represented by nomenclature adopted 
by the lUPAC in its codes for degenerate bases listed in Table 







TABLE IV 


XUPAC 


Codes ^ Degenerate Bases 


The International Union 


for Pure and Applied Chemistry 


(lUPAC) has established 


a standard single-letter designation 


for degenerate bases 


These are: 


B 




C+G+T 


D 




A+G+T 


H 




A+C+T 


K 




T+G 


M. 




A+C 


N 




A+C+G+T 


R 




A+G 


S 




G+C 


W 




A+T 


V 




A+OG 


X 




a minor bases (specified elsewhere) 


Y 




C+T 



These two oligonucleotides gave a 459 bp PGR product , which was 
separated on an agarose gel and purified using the BIO-101 
Geneclean kit. This fragment was then cloned into PCI12 . 1 vector 
using TOP 10 F* cells as a host according to the manufacturer's 
directions. Double stranded plasmid DNA was purified from E, 
aali {Top 10 F*) asing the QIAf liter Plasmid Midi Kit (Qiagen) . 
Two other degenerate 
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sense primers were also syiithesize<= HAVATl, 5 ' -GTO GCT GCT GTW 
RTX CCW WSX TWT AAY GAR { SE ID NO: 22, corresponding to 

the region V^^AAVIPSYNE {SEQ ID NO: 4 of spHAS) and HAVDFl, 5'- 
GTX HWT GAY GGN WSX WSN RAX GAT G^= GC-3 ' (SEQ ID NO: 23, based 
on Vi<^<>DDGSSNTD (SEQ ID NO: 12) of sHAS ) . Two uniqiie ant i sense 
primers were synthesized based on t= sequence of the 459 bp PGR 
product. These were: D1B1.2, 5 ' -CS^ GGA CTT GTT CCA GCG GT-3 ' 
(SEQ ID NO: 13) and 5 * -TGA TTC CGA CAC AGG GC-3' (SEQ 

ID NO: 14) . Each of the two degenc~ite sense primers, when used 
with either D181.2 or D181,4 to ai^lify D181 genomic DHA, gave 
expected size PGR products. The Sur PGR products were cloned 

and sequenced using the same stra ^gy as above. For each PGR 

product, sequences obtained froi — six different clones were 
compared in order to derive a c isensus seoruence. Thus we 
obtained a 1042 bp sequence witl^a continuous ORK v/ith high 
homology to spHAS, 

C < 4 Lxbrarv Sc xeenxn? 

Two molecular probes were us«l to screen the library; the 
cloned bp PGR product and ligonucleo tide Diei.5 (5'- 

GCTTGATAGGTCACCAGTGTCACG-3 ' (SEQ D NO: 15); derived from the 
1042 bp sequence) . The 459 bp :r produce was radiolabeled 
using the Prime-xt 11 random prii — r labeling Kit (Stratagene) 
according to the manufacturers in : ructions . Oligonucleotides 
were labeled by Kinace-lt Kina ng Kit (Stratagene) using 
[Y^^P]ATP, Radiolabeled products i—re separated from nonlabeled 

material on NucTrap Push coluims Stratagene) . The oligoprobe 
hybridized specifically with a D2 L genomic digest on Southern 

blots. To screen the X phage libx — ry, XLBLUE MRF ' v/as used as a 
host (3000 plaq-jes/plate) on 
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Uitrocellulose membranes containing adsorbed phage, were 
prehybT-idized at 60^C and hybridized with 5 * --end labeled 
oligonucleotide, D181 . B , in QuikHyb Hybridisation solution 
(Stratagene) at 80°C according to instructions. 

The membranes were then washed with 2x SSC buffer and 0.1% 
(w/v) SDS at room temperature for 15 min, at SO^C with 0*lx SSC 
buffer and 0*1% SDS (w/v) for 30 min, dried and then exposed to 
Bio-Max MS film overnight at -70*^0, Positive plaques were 
replated and rescreened twice. Pure positive phages were saved 
in SM buffer with chloroform. PGR on these phages with vector 
primers revealed 3 different insert sizes. 

PGR with a combination of vector primers and primers from 
different regions of the cloned 1042 bp sequence revealed that 
only one of the three different phages had the complete HAS 
gene. The insert size in this phage was 6,5 kb. Attempts to 
subclone the insert into plasmid form by autoexcision from the 
selected phage library clone failed. Therefore, a PCK strategy 
was applied again on the pure positive phage DNA to obtain the 
5' and 3' end of the ORF. Oligonucleotide primers D181.3 (5'- 
GCCCTGTGTCGGAACATTCA-3 ' CSEQ in NO: 16)) and T3 (vector primer) 
amplified a 3kb product and oligonucleotides D1B1.5 and T7 
(vector primer) amplified a 2 . 5 kb product. The 5' and 3'*end 
sequences of the ORF were obtained by sequencing these two above 
products. Analysis of all PCR product sequences allowed us to 
reconstruct the ORF of the 1254 bp seHAS gene. 
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C.5 ELacpxr«sBlon cloning o£ she seHA.S 

Primers were designed at tiie bart and stop codon regions . 
of seHAS to contain an EaoRl rfc=criction site in the sense 
oligonuc 1 eo t ide ( 5 ' -aggatccgaattc^^^agaacattaaaaaacctc- 3 ' ( SEQ 
ID HO:17)) and a Pstl site in the ^Kisense oligonucleotide (5'- 
AGAATTCTGCAGTTATAATAATTTTTTACGTGT ■* {SEQ ID W0:1S)). These 
primers amplified a 1.2 kb PCR pro— ict from D181 genomic DNA as 
■well as from pure hybridization-— ^sitive phage. The 1,2 kb 
product was purified by agarose electrophoresis , digested 

with Pstl and EcoRl and cloned Lirectionally into Pstl-and 
£cof£i -digested pKK223 vector. The ligated vector was 
transformed into E. coli SURE ce that were then grown at 

30^C. This step was practicall^^iraportant since other host 
cells or higher ten^ex^atures resulted in deletions of the cloned 
insert. Colonies were isolated anc=their pDNA purified- Out of 
six colonies (named a,b,c,d,e, and ), five had nhe correct size 
insert, while one had no insert. 

C . 6 HA Syntliase Activity 

HA synthase activity was assa— d in nien.branes prepared from 
the 5 above clones. Fresh log p ise cells were harvested at 

3000g, washed at 4*=^C with PBS and nembranes were isolated by a 

modification of a protoplast m«hod as known by those of 
ordinary skill in the art. ambrane preparations from 

streptococcus pyog&nes and Stjrept=jocc:us eQuisimilis were also 
obtained by modification of a di— erent protoplast procedure • 
Membranes were incubated at 37^C i 50 nrtM sodium and potassium 
phosphate, pH 7 , 0 with 2C mM MgC~, 1 iriM DTK, 120 \iH UDP-GlcA 

and 300 uM UDP-GlcNAc . Incorporat in of sugar 
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was monitored by ueizig UDP- t**ClGlcA (318 mci/mmolf ICN) and/or UDP* - 
[*H] GlcNAc (29.2 Ci/mmol NEN) , Reactions were terminated by addition 
of SDS to a final concentration of 2% (w/v) . Product HA was 
separated from precurBors by descending paper chromatograpliy and 
measured by determining incorporated radioactivity at the origin, 
C.7 Gel Filtration Analysis 

Radio late led HA produced In vitro by membranes containing 
recombinant seHAS or spHAS was analyzed by chromatography on a 
column (0.9 x 40 cm) of Sephacryl S500 HR (Pharmacia Biotech Inc.) , 
Samples (0.4 ml in 200 raM NaCl , SraM Tris-HCl , pH 8.0^ plus 0.5% SDS) 
were eluted with 200 triM, NaCl ; 5 mM Tris -HCL, and pH 8 * 0 and 0 . B ml 
fractions were assessed for ^^C and/or radioactivity. 
Authenticity of the XiA polysaccharide was assessed by treatment of 
a separate identical sample with the HA- specific hyaiuronate lyase 
of Streptomyces hyalurolytlcus tEC 4,2,2.1) at 37°C for 3 Kitb- The 
digest was then subjected to gel flit ration- 
ed SDS-PAGB and Western Blotting 

SDS -PAGE was performed according to the Iiaemmli method. 
Elect rot ransfers to nitrocellulose were performed within standard 
blotting buffer with 20% methanol using a Bio-Rad mini Transblot 
device. The blots were blocked with 2% BSA in TBS, Protein A/G 
alkaline phosphatase conjugate (Pierce) and p-nitiroblue 
tetrazolium/5 -bromo-4-chloro-3 indolyl phosphate p-toluidine salt 
were used for detection. 
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C.9 DNA. Sa<^ence and Analysis 

Plaemlds were sequenced on ):=:h stirands using fluorescent 
labeled vector primers. Secjuencing — reactions were performed using 
a Thermos eguenase™ kit for fluoreaaent labeled primers (with 7- 
deazaG) . Samples were electrophorsed on a Pharmacia AliF Express 
DNA Sequencer and data were analyz=L by the iULF Manager Software 
v3 . 02 . Internal regions of in8ert= were sequenced with internal 
primers using the ABI Prism 377 (Sof rare version 2.1.1} , Ambiguous 
regions were sequenced manually Tj=-ng Sequenase™ 7-deaza - DNA 
polyraerase, 7-deaza GTP mastez: mix JSB) and la-^^S] dATP {Amershara 
Iiife Sciences) - The sequences obt^=ied were compiled and analyzed 
using DKASIS, v2 . 1 (Hitachi Softwa i Engineering Co., Ltd,), The 
nucleotide and amino acid segueir^s were compared with other 
sequences in the Genbank and othei — iatabases* 
C.IO Xdeutif ication of seBA^s 

Identification of seHAS was scomplished by utilizing a PGR 
approach with oligonucleotide prin — trs based on several regions of 
high identity among spHAS, DG42 (n — ^ known to be a developmental ly 
regulated X. IctGvis HAS and designc^^d xlHAS) and Node (a Rhizobium 
B-GlcNAc transferase) , The x [AS and NodC proteins are, 

respectively, . -50% and -10% iden cal to spHAS. This strategy 
yielded a 459 bp PCR product whose sequence was 66.4% identical to 
epHAS^ indicating that a Group C Hftuologue (seHAS) of .the Group A 
(spHAS) HA synthase gene had been lentified. The complete coding 
region of the gene was then reconssasucted using a similar PCR-based 
strategy. A final set of PCR prin=irs was then used to amplify the 
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complete ORP from genomic DNA. Wlien this 1.2 kb PGR fragment was 
incorporated into the expression vector pKK223 and transformed into 
coll SURE cells, HA synthetic activity was demonstrated in 
Isolated membranes from 5 of the 5 colonies tested. 

The ORP of the reconstructed gene encodes a novel predicted 
protein of 417 amino acids that was not in the database and it is 
two amino acids shorter than spHAS- The two bacterial proteins are 
72% identical and the nucleic acid sequences are 70% identical. The 
predicted molecular weight of the seUAS protein is 47^778 and the 
predicted isoelectric point is at pH 9.1. Three recently identified 
mammalian HASs (muHASl, miiHAS2^ muHAS3 , FIG. 2) are similar to the 
bacterial proteine . The overall identity between the two groups is 
-28-31%, and in addition many amino acids in seHAS are highly 
conserved with those of the eukaryotic HASs Ce,g- K/R or D/E 
substitutions) - A9aR, the PBCY-l HAS is 28-33 percent identical to 
the mammalian HASs, and is predicted to have a similar topology in 
the lipid membrane. Within ra^immalian species the same family 
members are almost completely identical (e*g, muHASl and huHASl are 
9S% identical; muHAS2 and huHAS2 are identical) . However, and 

ae shown in FIG* 3, even within the same species the different HAS 
family members are more divergent (e,g. muHASI and muHAS2 are 53% 
identical; rauHASl and muHA£3 are 57% identical? muHAS2 and muHAS3 
are 71% identical) , 

FIG - 10 shows hydropathy plots for seHAS and predicted membrane 
topology. The hydrophilicity plot for the Streptococcal Group C HAS 
was generated by the method of Kyte and Doolittle CJ. Mol . Biol, 

79 



SUBSTITUTE SHEET (RULE 26) 



wo 9^/23227 



PCT/US98/23153 



1S7, 105, 1982) using DNAsis , The fotein is predicted to be an 
integral membrane protein. 

FIG. 11 shows a model for the t — tologic organization of seHAS 
in the membrane. The proposed topolx^ for the protein conforms to 
the charge- in rule and puts the larg— central domain inside. This 
domain is likely to contain most : the substrate binding and 
catalytic functions of the enzyme Cys^^* in seHAS, which is 
conserved in all HAS family members as well as the other three 
cysteines are shown in the central lomain. Cye^'^ is a critical 

residue whose alteration can d imatically alter the size 

distribution of HA product synthesi :d by the enzyme. 

The overall membrane topology p ;dicted for seHAS is identical 
to that for spHM and the eukaryoti HASs reported thus far. The 
protein has two putative transmembra«» domains at the amino terminus 
and 2-3 membrane -associated or transi — cnbrane domains at the carboxyl 
end. The hydropathy plots for the wo Streptococcal enzymes are 
virtually identical and illustrate difficulty in predicting the 

topology of the extremely hydrophobi region of -30 residues at K^^^- 

R**** in seHAS (K'"-K"=^ in spIIAS) . 

seHAS was efficiently expresse — in E, coll cells. Roughly 10% 
of the total membrane protein was s LAS as assessed by staining of 
SDS-PAGE gels (FIG, 5} • The proi — nent seHAS band at 42 kD is 
quantitatively missing in the ve=or-only control lane. This 
unusually high level of expression or a membrane protein is also 

found for spHAS , using the same ve< >r in SURE ceils. About &% 

the membrane protein is spHAS in E 7oll SURE cells. In concra^t^ 
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the amount of oeUhS in Group C membranee ie not more than 1% of the 
total membrane protein* The spHAS in Group A membranes is barely 
detectable. The recombinant seHAS expsreGsed in coll SURE celle 
does not syntheBize KA. in vivo, since these celle lack UDP-GlcA, one 
of the required substrates* Membranes, however containing the 
recombinant seHAS protein synthesize HA when provided with the 
substrates OTP-GlcKAc and UDP-GlcA (FIG* 12) . 

FXG* 12 shows the synthesis of authentic HA by recotnbinant 
seHAS. E. calx membranee {$9 ng) prepare from cells containing 
recombinant seHAS or vector alone were incubated at 37 *C for l hour 
with 700 UDP- [^H} GlcNAc {2.78 X 10' dpm/nmol; ■) and 300 piM UDP- 
[^*C]GlcA (3.83 X 10^ dpm/nmol; 0,#) in a final volume of 200 ^1 
described herein. The enzyme reaction was stopped by addition of 
EDTA to a final concentration of 25 mM, Half the reaction mix wae 
treated with Streptamycas hyaluronidaee at 37**C for 3 hours. SDS 
{2%, w/v) was added to hyaluronidase- treated (0,0) and untreated 
(•^») samples, which were heated at 90*C for 1 min. The samples 
were diluted to 500 fil with calumn buffer <5 mM Tris, 0-2 M l?acl, pH 
a.O), clarified by centrifugation and 200 pil was injected onto a 
Sephacryl S-500 HR colutnn. Fractions (1 ml) were collected and 
radioactivity was determined. BD is the peak elution position 
position of blue dextran (-2 x 10*^ DA,- Pharmacia) , V„ marks the 
excluded volume and the included volume. The ratio of ["cl GlcA: 
['HI GlcNAc incorporated into the total amount of HA fractionated on 
the column is 1,4, which is identical to the ratio of specific 
activities of the two substrates. Therefore, the molar ratios, of 
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the sugars incorporated into prooat is 1:1 as predicted for 
authentic HA. Membranes from eel li^^rans formed with vector alone 
did not synthesize HA.* 

Using 120 fiM DDP-GlcA and 300 I UDP-GlcH7U3i HA synthesis was 

linear with membrane protein (at ^0 t jtg) and for at least l hour* 

Also, membranes prepared from n it rane formed cells or cells 

transformed with vector alone have > detectable HAS activity. HA 

synthesis is negligible if Mg*= a chelated with EDTA t<5% of 

control) or if either of the two tbst rates are omitted {-2% of 
control) . Recombinant seHAS also Mowed the expected specificity 

for sugar nucleotide substrates, bej j unable to copolymerize either 

UDP-CSalA, UDP-Glc or UDP-GalNAc i — ^th either of the two normal 
substrates (Table II) . 

Based on gel filtration analy — ^^s, the average mass of the HA 
eyntheaized by seHAS in isolated tmbranee is 5-10x10* Da, The 
product o£ the recombinant seHAS i^=udged to be authentic HA based 
on the eguimolar incorporation of b<=di sugars and its sensitivity to 
degradation by the specific Strapt=r\yces hyaluronidase (FIG, 12) , 

Although the conditions for tota] ^lA synthesis were not optimal 

(since «90% of one substrate was icorporated into product) , the 
enzyme produced a broad distributic= of HA chain lengths. The peak 
fraction corresponds to an HA mass f 7-bxlO* Da which is a polymer 
containing approximately 36^000 moanneric sugars. The distribution 
of HA sizes resolved on this coluc ranged from 2-20x10' Da, 

The deduced protein sequenc^sof seHAS was confirmed by the 
ability of antibodies to the spH A.^=>ro t e i n to cross-react with the 
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Group C protein {FIG. 8) . Polyclonal antibodies to the whole epHZLS - 
protein or to just the central domain of epHAS also reacted with the 
seHAS protein. Antipeptide antibody to the C- terminus o£ spHAS did 
not cross -react with this somewhat divergent region in the 8eHAS 
protein- However, antipeptide antibody directed against the spHAS 
sequence e"'-T**^ recognized the same predicted sequence in seHAS. 
The antipeptide antibody also reacts with the native BeHAS and spHAS 
proteins in Streptococcal membranes and confirms that the native and 
recombinant ens^ymes from both species are of identical eise. Like 
the spHAS protein, seHAS migrates anomalously fast on SDS-PAGE. 
Although the calculated mass is 47,778 Da, the M,. by SDS-PAGE is 
consistently -42 kDa. 

Because of the sequence identity within their central domain 
regions and the overall identical structure predicted for the two 
bacterial enzymes, the peptide -specific antibody against the region 
jgi47_ij.i<i used to normalize for HAS protein expression in 

membranes prepared from cells transformed with genes for the two 
different enzymes. Using this approach, membranes with essentially 
identical amounts of recombinant spHAS or eeHAS were comparecl with 
respect to the initial rate of HA synthesis and the distribution of 
HA product size* 

As shown for spHAS , the synthesis of HA Chains by seHAS is 
processive. The enzymes appear to stay associated with a growing HA 
chain until it is released as a final product* Therefore, it is 
possible to compare the rates o£ HA elongation by seliAS and spHAS by 
monitoring the size distribution of HA chains produced at early 
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times « during the first round of H chain synthesis. Based on gel 

filtration analysis of HA produ^ sizee at various times, we 
estimated that the average rate el — tgation by seHAS is about 9,000 
mono saccharides /minute at 37**C 9) . In five minutes, the 

enzymes can polymerize an HA chain f 5- 10x10* Da, During a 60 min 
incubation, therefore, each enzT_e molecule could potentially 
initiate, complete and release on .he order of 5 -a such large HA 
molecules* At early times (e.g. £ min), reflecting elongation of 
the first HA chains, the size dist .bution of HA produced by seHAS 
was shifted to larger species comp ed to spHAS . By 60 min the two 
distributions of HA product sizee re indistinguishable, 

The cloned seHAS represents t~ authentic Group C HA synthase - 
Previously reported or disclosed "=oup C" proteins are, therefore, 
not the true Group C HAS, The selSK protein is homologous to nine 
of the currently known HA synthase=f rom bacteria, vertebrates, and 
a virus that now comprise this rajr^ly growing HA synthase family- 
This homology is shown particuliix^/ in FIG , 2 . In mammals three 
genes, designated HAS 1, HAS 2 ancrKAS 3^ have been identified and 
mapped to three different chromos=es in both human and mouse. In 

amphibians the only HAS protei identified thus far is the 

development ally regulated DG42r ^hich was cloned in 1968 and 
recently shown to encode the HA sy^hase activity by analysis of the 
recombinant protein in yeast mcm3=3Lnes . Probably other X. laevus 
HAS genes will soon be identifie<^ 

A divergent evolution model s jgeste that a primitive bacterial 
HAS precursor may have been i irped early during vertebrate 
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development or the bacterial pathogenic strategy of making an KA 
capsule was developed when a primitive bacteria captured In 
primordial HAS. Convergent evolution of the bacterial and 
eukaryotic HAS enzymes to a common structural solution seems 
unlikely, but may have occurred. 

None of the three mammalian isozymes for KHS have yet been 
characterized euzymatically with reispect to their HA product size . 
At least ten Identified HAS proteins are predicted to be membrane 
proteins with a similar topology. HA synthesis occurs at the plasma 
membrane and the HA is either shed into the medium or remains cell 
associated to form the bacterial capsule or a eukaryotic 
pericellular coat. The sugar nucleotide substrates in the cytoplasm 
are utilised to assemble HA chains that are extruded through the 
membrane to the external space- 

The protein topology in the very hydrophobic carboxyl portion 
of the HAS protein appears to be critical in understanding how the 
enzymes extend the growing HA chain as it is simultaneously extruded 
through the membrane. For exaTnple, the unprecedented enzymatic 
activity may require unusual and complex interactions of the protein 
with the lipid bilayer. t*reliminary results based on analysis of 
spHAS- alkaline phosphatase fusion proteins indicate that the amino 
and carboxyl termini and the large central domains are all 
intracellular, as shown in FIGS. 10 and 11, The seHAS protein also 
contains a large central domain {-63% of the total protein) that 
appears to contain the two substrate binding sites and the two 
glycosyltransf erase activities needed for HA synthesis. Although 
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current software programG cannot :liably predict the number or - 
nature of membrane -aesoc la ted doni^=:iG within the long c- terminal 
hydrophobic stretch, the proposed opological arrangement agrees 
with the present evidence and api^^.es as well to the eukaryotic 
enzymes, which are -40% larger prin^-ily due to esctention of the C- 
terminal end of the protein ith 2 additional predicted 
transmembrane domains . 

Pour of the six Cys residues ir=3pH&S are conserved with selU\s. 
Only Cys22S in both bacterial enzym i is conserved in all members of 
the HAS family. Since sulfhydr>— reactive agents^ such as p- 
mercurobenzoate or ITEM, greatly in ^^bit HAS activity^ it is likely 
that this conserved Cys is nece^=5ary or important for enz^ane 
activity- Initial results from ei — -directed mutagenesis studies, 
however^ indicate that a C225S mut it of spHAS is not inactive, it 
retains 5-10% of wildtype activity — 

The recognition of nucleic ac= sequences encoding only seHAS^ 
only spHAS, or both seHAS and spHA£=dising specific oligonucleotides 
is shown in FIG, 13. Th3=s pairs of sense -anti sense 

oligonucleotides were designed basd on the sequence of ID SEQ NO. 
1 and the coding sequence for spH2^- The seHAS based nucleic acid 
segments (sei"se2 and sespl-sesp2) ire indicated in FIG. 14, These 
three oligonucleotide pairs wer«» hybridized under typical PCR 

reactions with genomic DHA from ei ^ler Group C < seHAS) < lanes 2, 4, 

and 6) or Group A (spHAS) (lanes and 7) streptococci. Lanes 1 

and 8 indicate the positions of MW tandards in kb {kilobases) . The 
PCR reactions were performed using DKA pclymeraee (from Promega) 
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for 25 cycles as follows: 94 degrees Celsius for 1 tninute to achieve 
DNA denaturation, 4& degrees Celsius (42 degrees Celsius for the 
smaller cominon eesp primers) for 1 minute to allow hybridization^ 
and 72 degrees Celsius for 1.5 minutes for DKA synthesis. The PCR 
reaction mixtures were then separated by electrophoresis on a 1% 
agarose gel. 

The 6el-s&2 primer pair was designed to be uniquely specific 
for the Croup C HAS (seHAS] . The spl-sp2 primer pair was designed 
to be uniquely specific for the Group A H&S (epHAS) . The sespl- 
se©p2 primer pair was designed to hybridize to both the Group A and 
Group C HAS nucleic acid sequences. All three primer pairs behaved 
as expected, showing the appropriate ability to cross -hybridise and 
support the generation of PCR products that were specific and/or 
unique , 

The oligonucleotides used for specific PCR or hybridization are 
shown in PIG. 14, The synthetic oligonucleotides of SEQ ID NOS: 3* 
4, 5, and € are indicated in the corresponding regions of SEQ ID NO* 
1. These regions are in bold face and marked, respectively as 
primers eel, 6e2, sespl, and eesp2 * The #1 indicates primers in the 
sense direction, while the #2 indicates a primer in the antisense 
direction. Each of the four oligonucleotides will hybridise 
specifically with the seHAS sequence and Lhe appropriat-e paire of 
fience/antisense primers are suitable for use in the polymerase chain 
reaction as shown in FIG. 13. 

FIG. 7 shows a gel filtration analysis of hyaluronic acid 
synthesized by recombinant HM expressed in yeast membranes. A DUA 
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fragniOTt encoding the open reading rame of 419 amino acid residue© 
corresponding to spHAS <with the oizz^inal Val codon switched to Met) 
wae subclorxed by standard methods in the pYES2 yeast expression 
vector (from Invitrogen) to producer pYES/HA- Membranes from cells 
with this construct were prepare<»3y agitation with glass beads. 
The samples derived from pYBS/HA co itmots contained substantial HA 
synthase activity and the "42 IcEZT* HAS protein was detected by 
Western analysis using specific stibodies; membranes from celle 
with vector alone possessed neithe — activity nor the immunoreactive 
band (not shown) . Membranes (315 g protein) were first incubated 
with carrier free UDP- ["c] GlcA (l Ci^*C) amd 900 uM unlabeled UDP- 
GlcHAc in 50 raM Tris, pll 7, 2 0 mK^MgCl^ , ImM DTT, and 0.05 M WaCl 
(450 ul reaction volume) at 30 c^rces Celsius for 1*5 minutes- 
After this pulse- label peiriod nf — radiolabeled UDP-GlcA was then 
added to final concentrations of 300 uM. Samples (lOO uL) were 
taken after the pulse at 1,5 m::= {dark circle), and 15 (black 
square), and 45 (black triangle rain after the '^chase.'" The 
reactions were terminated by the idition of BBS to 2% and heating 
at 95 degrees Celsius for 1 min The samples were clarified by 
centrifugation (10,000 x g, 5 mix— : before injection of half of the 
sample onto a Sephacryl S-500HR filtration column (Pharmacia; 1 
X 50 cm) equilibrated in 0 - 2 M N :i, 5 mM Trie, pH 8. 

The column was e luted at 0 , ml /rain and radioactivity in the 
fractions (l ml) was quant itated=^y liquid scintillation counting 
after adding BioSafell cocktail ,5 ml, Recearch Products IntlO . 
The void volume and the totally ncluded volumes were at elution 
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volumes of 14 mi and 35.5 ml, respectively- The peak of blue 
dextran (average 2x10 6 Da) eluted at 25-27 ml. The recombinant HAS 
expressed in the eukaryotic yeast cells makes high molecular weight 
hyaluronic acid in vitro. 

Thus it should be apparent that there has been provided in 
accordance with the present invention a purified nucleic acid 
segment having a coding region encoding enzymatically active HAS^ 
methods of producing hyaluronic acid from the eeHAS gene, and the 
use of hyaluronic acid produced from a HAS encoded by the seHAS 
gene^ that fully satisfies the objectives and advantages set forth 
above. Although the invention has been described in conjunction 
with specific embodiments thereof^ it is evident that many 
alternatives^ modifications, and variations will be apparent to 
those skilled in the art. Accordingly, it is intended to embrace 
all such alternative?? , modifications, and variations that fall 
within the spirit and broad scope of the appended claims. 
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Claims 

Vrtvat we claim is: 

1, A purified nucleic acid eegm^b comprising a coding region 
encoding enaymatically active hyaluro ite synthaee. 

2- The purified nucleic acid s^saent of claim 1, wherein the 
purified nucleic acid segment encodes BtTeptooooane equlBlmllis 
hyaXuronate synthase of SEQ ID H0;2. 

3. The purified nucleic acid ssment of claim 1^ wherein the 
purified nucleic acid segment compri as a nucleotide sequence in 
accordance with SEQ ID NO:l. 

4 * A purified nucleic acid e^snent having a coding region 
encoding enzymatically active hyalu — )nate synthase, wherein the 
purified nucleic acid segment is c=able of hybridizing to the 
nucleotide sequence of SEQ ID WO:l* 

5 • A purified nucleic acid ment having a coding region 
encoding enzymatically active hyal\z=3nate synthase, wherein the 
purified nucleic acid eegment has sesconservative or conservative 
amino oodon acid changes when comparfe=to the nucleotide sequence of 

5 SEQ ID NOsl, 

6, A recombinant vector sele :ed from the group consisting 
of a plaemid, cosmid, phage, or ,rus vector and wherein the 
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recombinant: vector further comprices a purified nucleic acid segment, 
having a coding region encoding enzymatically active hyaluronan 
synthase , 

7. The recombinant vector o£ claim Sj wherein the purified 
nucleic acid segment encodes the f treptrococcus equlsimilis 
hyaluronan synthase o£ ££Q ID N0:2. 

8 . The recombinant vector of claim 6 , wherein the purified 
nucleic acid segment comprises a nucleotide 6e<5uence in accordance 
with SEQ ID NO:X. 

9 . The recombinant vector of claim 6 , wherein the piasmid 
further comprises an expression vector. 

10 - The recombinant vector of claim 9 , wherein the expression 
vector comprises a promoter operatively linked to the enzyraatically 
active StjreptLococcus squisiinilis hyaluronan synthase coding region- 

11- A recombinant host cell, wherein the recombinant host cell 
is a prokaryotic cell transformed with a recombinant vector 
comprising a purified nucleic acid segment having a coding region 
encoding enzymatically active hyaluronan synthase. 
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12. The recombinant: host of claim 11^ wherein the. 

purified nucleic acid segment encode the ^tr-eptococcus eqaiexmills 
hyaluTTonan synthase of SEQ ID NO : 2 

13 - The recombinant host of claim 11 ^ wherein the 

purified nucleic acid segment com^^^sea a nucleotide sequence in 
accordance with S£Q ID NO:l. 

14. The recombinant host cellZof claim 13 ^ wherein the host 
cell produces hyaluronic acid, 

15. The recombinant host csl of claim 11, wherein the 
enzymatically active hyaliironan synthase is capable of producing a 
hyaluronic acid polymer having a m Lified structure. 

16- The recombin&nt host c .1 of claim 11, wherein the 
enzymatically active hyaluronan sysahase is capable of producing a 
hyaluronic acid polymer having a n — iified size distribution, 

17, A recombinant host cell, — lerein the recombinant host cell 
is a eukaryotic cell transfect i with a recombinant vector 
comprising a purified nucleic aciczBegment having a coding region 
encoding enzymatically active hyall-ronan synthase. 
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18. The recombinant: host cell of claim 17, wherein the 
purl £ led nucleic acid segment encodee the StrepCoaocauB eqaielmllis 
hyalvironan synthase of SEQ ID K0:2. 

IB. The recombinant host cell of claim 17, wherein the 
purified nucleic acid segment comprises a nucleotide sequence in 
accordance with SEQ ID N0:1* 

20. The recoihbinant host cell of claim 19, wherein the host 
cell produces hyaluronic acid. 

21* The recombinant host cell of claim 17, wherein the 
enzymatically active hyaluronan synthaae is capable of producing a 
hyaluronic acid polymer having a modified structure . 

22, The recombinant host cell of claim 17^ wherein the 
enzymatically active hyaluronan synthase is capable of producing a 
hyaluronic acid polymer having a modified size distribution- 

23* A recombinant host cell, wherein the recombinant host cell 
is elect roporated to introduce a recombinant vector Into the 
recombinant host cell/ wherein the recotnbinant vector comprises a 
purified nucleic acid segment having a coding region encoding 
enzymatic ally active hyaluronan synthase . 
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24- The recombinant host ceS of claim 23^ wherein the 
purified nucleic acid segment encode^=ihe Streptococcus eqaielmllls 
hyaluronan eynthase of SBQ ID NO: 2. 



25, The recombinant host ceZI of claim 23, wherein the 
purified nucleic acid segment compxzzses a nucleotide sequence In 
accordance with SEQ ID NO^l* 



26, The recombinant host cell \t claim 25, wherein the host 
cell produceB hyaluronic acid^ 



27. The recombinant host ce of claim 23, wherein the 
enzymatically active hyaluronan synMlaee ie capable of producing a 
hyaluronic acid polymer having a mo=^fied structure- 



28. The recombinant host cfc=. of claim 23 ^ wherein the 
enzymatically active .streptococcus ^ulsimilxe hyaluronan synthase 
is capable of producing a hyaluroni<^^c id polymer having a modified 
size distribution. 



29. A irecombinant host cell, w 
is transduced v^ith a recombinant 
nucleic acid segment having a codin 
active Streptococcus squisimille h' 



5 re in the recombinant host cell 
/ector comprising a purified 
I region encoding enzymatically 
'.luronan synthase • 
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30. The recombinant ho&t cell of claim 29, wherein the 
purified nucleic acid segment encodes the Stiir&ptococcuB eqaxsimlliB ' 
hyalurcnan synthase of SEQ ID N0i2- 

31. The recottibinant host cell o£ claim 29, vherein the 
pun fled nucleic acid aecnnent comprises a nucleotide sequence in 
accordance with SEQ ID lXO:i. 

32. The recontblnant host cell of claiin 31, wherein the hoat 
cell produces hyaluronic acid. 

33- The recombinant hoBt cell of claim 29, wherein the 
em^ymatically active hyaluronan synthase is capable of producing a 
hyaluronic acid polymer having a modified structure- 

34. The recombinant host cell o£ claim 29, wherein the 
ensymatically active hyaluronan synthase is capable of producing a 
hyaluronic acid polymer having a modified size distribution. 

35. A purified composition, wherein the purified composition 
comprises an ensymatically active hyaluronan synthase polypeptide. 

36. A purified composition, wherein the purified composition 
comprises a polypeptide having an amino acid sequence in accordance 
with SEQ ID NO:2 . 
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37 . A method for detecting a DC speciee, comprising the etepe - 
obtaining a DNA sample; 

contacting the DNA sample with purified nucleic acid Begment 

in accordance with SEQ 13Z2!TO:l; 
hybridizing the DNA eample ^si the purified nucleic acid 

segment thereby forming ^lybridized complex? and 
detecting the complex - 

38. A method for detecting a bacterial cell that expx-esseB 

mEKA encoding Sti-eptococcus egg. — imXlXs hyaluronan eynthase, 
comprising the steps of: 

obtaining a bacterial cell sac=:le; 

contacting at least one nuclei acid from the bacterial cell 

sample with purified nuc~ic acid segment in accordance 

with SEQ ID NOsl; 
hybridising the at least one lucleic acid and the purified 

nucleic acid segment ther^y forming a hybridized complex; 

and 

detecting the hybridized comp^jc, wherein the presence of the 
hybridized complex is ii — 1 cat ive of a bacterial strain 
that expresses mRHA enc«ing Streptococcus equi&jLmills 
hyaluronan synthase . 
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39. A method for producing hyaluronic acid, comprising the 
fitepG of; 

introducing a purified nucleic acid segment having a coding 
region encoding enzymatically active hyaluronan eynthaee 
into a host organism, wherein the host organi&m contains 
nucleic acid segments encoding enzymes which produce UDP- 
GlcNAc and DDP-GlcA; 

growing the host organism in a medium to secrete hyaluronic 
acid; and 

recovering the secreted hyaluronic acid« 

40- The method according to claim 39, wherein the step of 
recovering the hyaluronic acid comprises extracting the secreted 
hyaluronic acid from the medium. 

41, The method according to claim 40, further comprising the 
step of purifying the extracted hyaluronic acid. 

42, The method according to claim 39, wherein in the step of 
growing the host organism, the host organism secretes a structurally 
modified hyaluronic acid, 

43, The method according to claim 39, wherein in the step of 
growing the host organism, the host organism secretes a hyaluronic 
acid having a modified size, 
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44. A pharTnaceut:ical composi Lon coniprielng a preselected 
pharmaceutical drug and an effect^e amount of liyaluronic acid 
produced by hyaluronan synthase. 

45* The pharmaceutical comport ion of claim 44 y wherein the 
hyaluronic acid ie produced by le Streptococcus equlsimllis 
hyaluronan eynthaee of SEQ ID N0:2_ 

46 • The pharmaceutical corapc=d.tion according to claim 44, 
wherein the molecular weight of tH hyaluronic acid is modified 
thereby producing a modified mo -icular weight pharmaceutical 
compoGition capable of evading an =mune response. 

47* The pharmaceutical comp^ition according to claim 44, 
wherein the molecular weight of t i hyaluronic acid is modified 
thereby producing a modified mc^cular weight pharmaceutical 
composition capable of targeting specific tissue or cell type 
within the patient having an affi^ty for the modified molecular 
weight pharmaceutical compos it ion - 

48 . A puE-ified and isolated Lucleic acid segrience encoding 
enzymatically active hyaluronan syi^diase, the nucleic acid sequence 
selected from the group consistinoof ; 

(a) the nucleic acid sequenc in accordance with SEQ ID NO:l; 

(b) complement ary nucleic a< — i sequences to the nucleic acid 
sequence in accordance ™th SEQ ID W0:1; 
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(c) nucleic acid sequences vhich will hybridise to the nucleic 
acid in accordance with SEQ ID HOsl; 

(d) nucleic acid sequences which will hybridize to the 
complementary nucleic acid seguences of SEQ ID NOiX? and 

(e) nucleic acid sequences which will hybridize to PGR probes 
selected from the group consisting of PGR probes of SEQ 
ID !iIO:3, SEQ ID N0:4, SEQ ID HO: 5, SEQ IB N0;«, 

49. A purified and isolated nucleic acid segment consisting 
essentially of a nucleic acid segment encoding enzymatically active 
hyaluronan synthase . 

50- A procaryotic or eucaryotic host cell transformed or 
trans fee ted with an isolated nucleic acid segment according to claim 
1, 2, or 3 in a manner allowing the host cell to express hyaluronic 
acid. 

SI. An isolated nucleic acid segment consisting essentially 
of a nucleic acid segment encoding hyaluronan synthase having a 
nucleic acid segment sufficiently duplicative of the nucleic acid 
segment in accordance of SEQ ID HO:i to allow possession of the 
biological property of encoding for Streptococcus eqiilsimiliB 
hyaluronan synthase . 

52- A cDNA sequence according to claim 51. 
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53 . A pjTocRTyotic or eucaryc&c host cell transformed or 
tranBfected with a miclelc acid segi^Kit according to claim 51 in a 
meinner allowing the host cell to ea^eee hyaluronic acid* 

54. A purified nucleic acid F=gmeiit having a coding region 
encoding enzymatically active hyarj^onan synthase t wherein the 
purified nucleic acid segment ie -^pable of hybridizing to the 
nucleotide sequence in accordance «h SEQ ID ETO:l. 

55- A purified nucleic acid s«tnent according to SEQ ID N0i3 
capable of hybridizing to SEQ ID N( 1 , 

56- A purified nucleic acid s fment according to SEQ ID NO: 4 
capable o£ hybridizing to SEQ ID NCZL. 

57. A purified nucleic acid sgment according to SEQ ID NO: 5 
capable of hybridizing to SEQ ID Nczi, 

56. A purified nucleic acid fa=g ment according to SEQ ID NO: 6 
capable of hybridizing to SEQ ID N 1. 

59- A purified nucleic acid igment having a coding region 
encoding enzymatically active hya~ronace synthase, t^e purified 
nucleic acid segment selected fron — :.he group consisting of: 

(A) the nucleic acid se lent according to SEQ ID NO: 2; 
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(B) the nucleotide sequence in accordance with SEQ ID, 
NO: 1; 

<C) nucleic acid segments which hybridize to the nucleic 
acid segment e defined in (A) or (B} or fragments 
thereof ; and 

(D) nucleic acid segments which but for the degeneracy 
of the genetic code, or encoding of functionally 
equivalent amino acids, would hybridize to the 
nucleic acid segments defined in (A) , (B} , and (C) . 
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60. A purified nucleic acid segmeat comprisg a coding region encoctitig hyaluronate 
synthase. 

6L A recombinant vector wherein the recoi — :inant vector further comprises a purified 
nucleic acid segment having a coding re encoding hyaJuronan synthase. 

62. A recombinant host cell, wherein the hc^cell is transformed with a recombinant 
vector comprising a purified nucleic acicz;egment having a coding region encoding 
hyaiuronan synthase. 

63 . A recombinant host cell, wherein the reonbinant host cell is transfected with a 
recombinant vector comprising a purifi^aiucleic acid segment having a coding 
region encoding hyaiuronan synthase. 

64. A recombinant host cell, wherein the recsnbinant host cell includes a recombinant 
vector, wherein the recombinant vector imprises a purified nucleic acid segment 
having a coding region encoding hyalur^^ synthase, 

65. A purified composition, wherein the pu^ed composition comprises a hyaiuronan 
synthase polypeptide. 



66. A method for detecting a DNA species, ^mprising the steps of: 

contacting a DNA sample with <=^urified nucleic acid segment, 
hybridizing the DNA sample anczhe purified nucleic acid segment thereby 

forming a hybridized complex; 

and detecting the complex. 



67, A method for detecting a bacterial cell ffltt expresses mRNA encoding Streptococcus 
equisimilis hyaiuronan synthase, compr — ng the steps of: 

contacting at least one nucleic a 1 from a bacterial cell sample with a purified 

nucleic acid segment, 

hybridizing the at least one nucl ; acid and the purified nucleic acid segment 
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thereby forming a hybridized complex; and 

detecting the hybridized complex. 

68. A method for producing hyaluronic acid, comprising the steps of: 

introducing a purified nucleic acid segment having a coding region encoding 
hyaluronan synthase into a host organism; 

growing the host organism to secrete hyaluronic acid; and 
recovering the secreted hyaluronic acid. 

69. A purified and isolated nucleic acid segment comprising a nucleic acid segment 
encoding hyaluroxian synthase. 

70. An isolated nucleic acid segment comprising a nucleic acid segment encoding 
hyaluronan s^'nthase, 

71 . A cDNA sequence according to claim 70. 
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CjToup: C A C A 



Fig.! 
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MG--KlfIII}i VSHK'TIITS lAVGGASLlll APALTGgvtH 

HRTLKHLTT- -V VAPSIFUVlS J" BvKV 

VPltltKTLI V ISFlPLlSlH 1 Blwh 

HHCERFLCIL HI IGTTL FGVSLli LGITAAUTVG 

KK-EKAh&Tn LIPECIPKDX. KPKHPTLHRI IVYSFCWL^ ATXTAAgVAE 



WKIALST— I WGVSA^trV FCFFLAQVl^F SEl^WRKRLtlK U^SLltPKGHN 

XLTGhKG ^JLSIJCJiFLL lAYLLVKMSL SFF-YKPFKG -AGO— Y 

yLFGT-5 TVGl5fGVIL ITYLVIKLGL SrL-YEPfKG H PHD— Y 

YQriQTDtfVY FSFGLTGAFL FkSHLIIQSLF AFLEHflKMKK SLETflK — L 

FQVLKaEATL FSLGLXGLAM LLHLHMQSLF ArLBIftKVMK S-ELPCS— F 

K — V^lgpS 

K— vjIavsps 

NKTV&JC&AA 
KKTVjjLTiEW 



Er2dPYMF0K CgE^VRDSDa GllVA-EU*ICV igSOEDDDHR 
^NE*DIVES1.LE TBKfevQQQTB PIAE — rWM ODOSAOETGl 

i^oSoPDYLRK CjioSvKRLTg PG — IKVVMW iBSKStDOLY 
£al:HP£¥LlX C^§CfCYVKa PKDKLKItL^ I^MTBDOAY 



^G?^3G--RicT IWHFIGL- 
tfGSSG--^K IVGNVMPI- 



rPVSWF TILLGCVTFT 



136 
111 
110 

l4fi 



HAAVYKAirw IKKFE FV LCtTSDOKStSE 

K31-™ lEOYVItD TGDLSSNVTV HRSEKHOGKR 

(jL lEEYVMR EVDICRHVIV KRSLVN!t(JKR 

MMDirStrVMG RDSCSATYIWK K«FKE-KGPG ETOES HKESS 

HMEHFKOVFH GEDVGTYVKK GNYHTVKKPE ETHKGSCPF.V SK?LWEDEQI 

S RDrCVLBPHR GXRECI-YTG^ QLAKHDPSW AVVLlBSoBV 

HA 'qjM 1& FLTV-B^Y 

jyv JiAW RK E—RSDADV- FLTV-^EY 

OHVTQLVLSN KSlCItffifKWG GKB£VMYTAg R*-ALGRSVD YvOVC^Mw 
WMVEELVRHK RCVCIKSjoWG GKREVHYTftg Q~AIGTSVO YVQVC SS^ K 

J>EK£>AI1*SW YPUkCDPEIO AVAGECKIWS AwS^YSgSCV 
IYPDALeSll KTFWDPTVFA ATG-HLWVRg ROTNLLTRLT DlMOl^GV 
IYPHALEpi*L iCSFMDETVYA ATG-HLNARH RQTKLLTRLT OlK^Dl^GV 
I.DPASSV|jKV KVIiCEOtHVC GVGGDVQXL^ KYDSWISFLS SV^W^CTI 
t-OElATV^WV KVL.ESini«YG AVGCDVRTllf PYOSFISFWS StiK^WMAS!MV 

£rSA5SfFRT VCCVCCTSgA 5KIDIIKEIK DPHISgHPLS QKCTYGESDSLH 

fel(RAQSVTG« ILVCSfePlJsV XRREVWPMI DRlflW0TFL<5 IPVSlfcraDric 

EiUlSsLTGK ILVCsbeisl jrPLR£VllPHU £AYKHyTF,LH LPVSlS^S 
SSAcSIyFGC 'VOCIsfeE&M SWlSLLKErv Et)WYtIQtFM*4 

gRACggYrOC VSCISSFijGH 3CRN«ILQVFL EAVfYRjjKFLg TYCTLgO^j^I 

EtSJEILMRSK ICWFTPFAVG HSDS^MVTR YlVOT"Cfasg EwcfEglWYTL 
ijijYATIlLfe- KTVYOSTAKC TTOWDKMST YLI^Iirop4K SF£^3II3V 
iTTMYAIDI-B- RTVVQSTAaC DTIWPFQLKS ^t^KgCfr^K'^S gFE^SllSV 
LtorvlSlSsV AtKVTAnSKC LfETglEYLR WLHJ»TjMJSK SYE|t5WLYllA 
|5rijR,VUSt^V RTKYTttKSFA FSeTgSLYLR WLKSS^nfeT^ |[yf|ek1,YHA 

FAAWKHGLSG iftLArfCLYQ ITYFFLVIYL FSRLAVEADP RA^TATVIVS 

KKIKWIprVA Lfmtipvstif mmi-vyswof fvghvreetjw lrvlaflvii 

ICKILSKFIVA li&riF^WHF HKLIVAIGKL LFHQAIQLDL TKLFArLSII 

KHFHKKH LHrtTTffJAItT GFFPFFLIAT VIOLFYRGKI WHILLFLLTV 

QMMHKHH T^TVlsWS FlFPFFITAT VIRLIYAGTI HkfWWLLLCI 

TTVAljtKCGY FSFftAXDlRA FIfFV-LfTFV YrFCMlgARI TAtO^LWDIG 
FIVfigCRHTK YH— LKHPLS FtLSPPgcVt HLFVLQ^LKL Y£tF|glRMAO 
FIVaEcRMVH YM— VKKPAS FIiLSPLYCIL MLFVLQgLKL YSl^IKHTE 
QLVGglKSS- FA9Ct*RGKIV MVFHSIi&dVL YtASSLLKAECH FAIATIKKAG 
0IKS§FKS1- VAC«I,TtGMFl MtLMSLYSHL YMTGLLgSKY FALLffiLKKTG 

HD^UCGMEKP SVGTHVALWA KOYLIAYMSW AAWGAGVYS IVHKWHFLWH 

Ug^ RKK L L* 

^cH WhIk V — T IFK* 
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KlHAS TPBKOKtMY- '-HLLYGCVGY VKYWVIWAVM YH VWVKR CCR-KRSOTV 577 
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SIZE DISTRIBUTION OF HYALURONAN 
PRODUCED BY DIFFERENT ENGINEERED 
STREPTOCOCCAL HAS ENZYMES 
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atgagaacattaaaaaacctcataactgttgtggccttitagtattttttgggtactgttgatttaegtcaat 72 

gtttatctctttggtgctaaaggaagcttgtcaatttatggctttttgctgatagcttacctattagtcaaa 144 

atgt ccttatcctttt^t tacaagcca tttaagggaagggct gggcaatataaggt tgcagccat t attccc 216 

tcttataacgaagatgctgagtcattgctagagdccttaaaBagtgttcagcagcaaacctatcccctagca 266 

eel 

gaaat;t;tetgttgttgacgBtggaagtCK:T6MrGftGUAChGGTAtTA^^ 360 

actggtgacctatcdagcaatgtcactgttcatcggccdgagaaaaatcaaggaaagcgtcacgcacdggcc 432 

tgggcct ttgaaagatcagacgctgatgt c tttt tgaccgt tGACTCAcaTaCTff A^MC^ 5 0 4 

ttagaggagttgttaaaaacctttaatgacccaactgtttttgctgcgacgggtcaccttaatgtcagaaat 576 

agacaaaccaatctcttaacacgcttgacagatatucgctatgataatgcttttggcgttgaacgagctgcc 648 

caatccgttacaggt:aat:atccttgttt:gctcag9t:ccgctt&gcgtttacagacgcgaggtggttgttc;ct 720 

aacatagatagatacatcaaccagaccttcctgggtatucctgtaagtattggtgatigacaggtgattgacc 792 

aactatgcaactgattitaggaaagactgtttatcaatccactgctaaatgtattacagatgttcctgacaag 864 

atgtctact^cttgaagcagcaaaaccgctggaacaagtccttctttagagagtccattatttctgttiaag 936 

aaaaticatgaacaatccttttgtagccctatggaccat&cttgaggtgtctatgtttatgatgcttgttut 1008 

tctgtggtggatttctttgtagGCWLTGTCJWauSMlTffT^ 10^0 

atcttcattgttgccctgtgtcggaacattcattacatgcttaagcacccgctgtccttcttgttatctccg 1152 

ttttatggggtgctgcatttgtttgtcctacagcQCttigaaattatattctctttttactattagaaatgct 1224 
4- deap2 

gacTGQGGMCAOOXMAMat tattat aa 12 

FIG. 14 
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GTTTATCTCTrrGGTGCTAAAGGftAGCTTGTCAATTTATGGCTTrTTGCT ^ ^ ^ 

IVTGTCCTTATCX:TTTXTTTACMW5CCAT«JAGGGW^ 21 e 

TCTTATAACGIMATGCTGAGTCATTGCTAGAGACCTTAAU^^^ 2 B Q 

GJUUVTXTATGTTGTTGACGATGGMGTGCTGATGAGACAGGTATTIU^ 3 

ACTGGTGAOCTATO^AQCJATGTCAl^GTTCRTCG 432 
TGGGCCTTTGAAftGATCAGACGCTGATCTClTnrTTGACCGTTGAC^^ 

TTAGAGGAGTTGTTRAAMCCTTTAATCIWICCMCTGTTTTTG^ 5^ ^ 

A6ACAAACCAATCTCTTAACACGCTTGACAGATATTCGCTATGATAATGCTTTTCGCGTTGAA g ^ g 

CAATCCGTTACAGGTAATATOCTTGTTTGCrrCRGGTCC^ 720 

AACATAGRTAGATACRTOACCAGACCnrCCrGGGTATTCCTG^ 792 

AftCIATGCAACTGATTTAGGRRACACTCTTTATCAATOCACTGCTAA^ B 

ATGTCTACTTACTTG&afiCAGCAAAACOKTGGAACAAGTCCrrCT 9^6 

AARATCMGAACAATCCTTTTGTAGCCCTATGCACCATACTTGRfiGTGTCTATGTTrATGATGCTTG^ 10 08 

TCTGTGGTGGATTTCTTTGTAGGCAATGTCRCAGAATTTGATTGGCTCRGGGTTTTAGCCr^ 1080 

ATCTTCATTGrTGCCCTGTGTCGGAACATTCATTACATGCTTi^^ 1152 

TTTTATGGGGTGCTGCATTTGTTTGTOCTACAfiCCCTTGAAATTATATTCTCTTTTTACT^^ 122 4 

GACTGGGGAACACGTAAAAAATTATTATAA 3.2 B4 
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K B T L K K LTTVVAFSirWVT T, lYV N 24 

VYLFOAKGSLS lYGF L I^IAYLLVig 4S 

SYHEDALSLLETLKSVOQCTYPLA 95 

tiyVVDDGSADETGIKRiEDVVBD 120 

TGDLSENVIVHRSEKNOGKRHAQA H4 

MAFERSDADVFLTVDSnTYlVrDA i6S 

SOTNLLTRLTDIRYDNAFGVERAA 216 

Q S V T G N I L V C S -G P 1^ S V Y h K t. V V V F 240 

MIDRYlNQTVLGli'VSIGDDRCLT 261 

K Y A T n L G ^Tf^T^vTc-jlXig^^QVS cV^Tjl^A*^ CITDVPDK 26 6 

KSTYLKQQMRWNKSFE'BESIISVK 312 

K I H N N P r _V_ A _W T I L £ V 5 H _r ti M I> V Y 336 

5 V y_ D £■ F V G K V p. E F D _W L P V A T L V 1__ 3 00 

? ^ F T V A L " T i: Z > V l'. L K K F L S F T. T. 5 P ."^B-! 

r Y _ G . V__ L H L F V L Q F 1. R^mj^^^aS -SlL V-ipT^T i^^H t:,K K A ^06 

D V; G T R K K L L • 417 
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SEQUENCE ID NO. 3 

5**GCTGATGAG ACAG G TAT TAAGC 
priinen sel (seose. nucleotides G*'*-C*") 



SEQUENCE ID NO- 4 

5'-A TCAAATTCTCTGACATTGC 
primer: se2 {antisense. forsense nucleotides O'"' - -[im-^ 



SEQUENCE ID no. 5 

5^G ACTCAGATACTTATATCTA 
primer: sespl (sense, for nucleotides G*^^- A"**^) 



SEQUENCE ID NO. 6 

5'-TTTTTACGTGTTCCCCA 
primer: sesp2 (antisense, for sense nucleotides T^^^^ — A^^) 
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Pirotein sequenoe of ASSR, the HA synthase 

1 HGKKIIXHVS WVTX1TSHT.I AVGGAStilLA FAITCYVLIIW WIALSTIHGV SAYGIEVFGF 

CI FIAQVLPSEL WRKKLRKWIS LEPRGWNDVH LAVIIAGYRE 03?YMFiOKCLE SVftDSOVGWV 

121 ARLICVIDGO EDDDMRMAAV VKMYKDHIK KPEFVLCiiSD DKEGERIDSD FSRDICVLQP 

lei HRGKftECLYT GFQIAittlDrS VHAWLIDSD TVLEKDAlLH WYPLACDPE IQAVAGECKI 

241 HNTDTIiSLL VAHRYYSAFC VERSAQSPFR TVQCVGGPLG AYKDIIKEIK DPKlSQRFLG 

301 QKCTYGDORR I.THE1LHRGK KWPTpPAVG KSDSPTHVTR YTVQQTRHBK SfiflCRBIKYTL 

361 FAMIKRGtBG JWI-RFECLYQ ITYFTLVIVL FSRLAVEADP RAiQTATVIVS TTVALXlCCGy 

421 rSFRAKQIEUl rYFVLYTFVY FFCMIPAEIT AMHTLHdXGM DTRGGH£KPS VGTRVALHAK 

4fil ClfLIAY«H«A AWGAfi^iTSI vaHTMFDWNS L5YRFALVGI CSYIVFZVIV LWYFTGKIT 

S41 TWHFTKLQKE LIEDRVLYDA TTHAQSV 

561 
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Muclcottde Sequent;fe of gen^ In the PBCV-1 Virus Genome 

Start I ATG 50901 Stop: TGA 52607 

50&Q1 aagacttctt gaaagttaca ATGggtaaaa atataatcat aatggtttcg tggtacaeca 
5094 1 tcataacttc aaatctaatc gcggttggag gagoctctct aatcttggct ccggcaatta 
51001 ctgggtatgt tct&cat^gg aatattgctc tetegacaat ctggggagta tcagcttatg 
51061 gtattttcgt ttttgggttt ttccttgcac aagttttatt ttcagaactg aacaggaaac 
5X121 gtcttegcaa gtgg^atttct ctcagaqcta agggttggaa tgatgttcgt ttggctgtga 
Sliei tcattgctgg atategcgag gatccttata tgttccagaa gtqwtcgag tetgtacgtg 
51241 actctgatta tggcaacgtt gcccgtctga tttgtgtgat tgacggtgat gaggaogatg 
51301 atatgaga^t: ggctgccgtt tacaaggcga tctacaatga teatatcaag aagccegagt 
513 ei ttqttctgtq tgagtcagac gacaaggaag gtgaacgcat cgactctgat ttctctcgcg 
SI 4 21 acatttgtgt cctccagcct catcqtggaa aacgggagtg tctttatact gggtttcaac 
51461 ttgcaaagat ggaccccagt gtcaatgctg tcgttctgat tgacagcgat accqttctcg 
51541 agaaggatgc tattctggaa gttgtatacc eacttgcatg cgatceogag atccsaagccg 
61601 ttqcaggtga gtgtaagatt tggaaeacag aeactctttt gagtcttctc gtcgcttggc 
51661 ggtactattc tgcgttttgt gtggagagga gtgcccagtc ttttttcsaqg actgttcagt 
51721 gcgtt^gggg gccactgggt gcctacaaga ttgatatcat taaggagatt aaggatsccct 
51781 ggattfcccca gcgctttc^t ggtcagaagt gtacttacgg tgacgaccgc oggctaacca 
51641 acgagatctt gatgcgtggt aaaaaggttg tgttcactcc atttgctgtt ggttggtctg 
51901 acagtccgac caatgtgttt cggtacatcg ttcagcagac ccgctggagt aagtcgtggt 
51961 gccgogaaat ttggtacacc ctcttcgccq cgtggaag*:!^ cggtttgtct ggaatttggc 
62021 tggGGtttga atgtittgtat caaattacat actt-cttcct cgtgatttac ctcttttctc 
S20Q1 gcctagccgt tgagqccgac cctcgcgccc agacagccac ggtgattgtg agcaccacgg 
52141 ttgcattgat taaqtgtqgg tatttttcat tccgagccaa ggatattcgg gcgttttact 
5^201 ttgtgcttta tacatttgtt tactttttct gtatgattcc ggccaggatt actgcaatga 
52261 tgacgctttg ggacaxtggc tgggatactc gcggtggaaa cgagaagcct tccgttggca 
52321 c&cgggtcgu tctgtgggca aagcaatatc tcattgcata tatgtggtgg gecgcggttg 
S2381 ttggogetgg agtttaoagc atcgtccata actggatgtt cgattggaat tctctttctt 
SZ441 iiLcgttttgc tttggttggt atttgttctt acattgtttt tattgttatt gtgctggtgg 
S2501 tttatttcac cggcaaaatt acgaettgga atttcacgaa gcttcagaag gagctaatcg 
5 2 561 aggatcgcgt tctgtacgat gcaactacca atgctcagtc tgtgTGAttt ttcctgcftig 
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Nucleotide and F3:ot«iti Sequence of Pa^tevrella multoclda 

+1« 

I MHTLSQAIKAYKSWUyQ 
-18 ATTTTTTAJUKACAGTiAAATGAATACATTATCACJ^ 

18 LALKLFEICSAETYGRKIVEFQIT 

52 rTAGCRCTCAJUVTTATTTGAAWVGTCGGCOTAAATCTATGGACGGJUUATTGT 

41 KCQEKLSAHPSVHSAHLSVNKEE 

121 AAATGCCAAGAAAAACTCTCMCACATCCrrTCTGTTAATTC^ 

64 KVNVCOSPX.DIATOLLLStIVKKI 
190 A!UVGTCft«GTTT(50GATAGTCCGTTftGATATTGCAACACAACTGT^ 

8"? VLSDSEKKTLKWKWKLLrEKKSE 

259 CTACTTTCTGftCTOWlUWRWACACGTTAAARARTW^ 

110 NAEVRAVAljVPKDrPKDLVLAPL 

328 AATGCGG AGGT AAGAGCX3GTCGCCCTTGT ACCaU^AAGATTTTCCCJyU^.G ATCTGGTTTT AGCGCCTTTA 

133 PDHVNOrT«YKKRSKP.LGlKPEH 

39-? CCTGftTCATGTTAATGATTTTACATGGTACAAARAGOTAAAfiWUU^ 

1S6 QHVGLSl IVTTFURPAILSITLA 

466 CRACy^TGTTGGTCTTTCTAtTA^CGTTACJACATTCAATCGACCASCftATTtTAT^IGATTACRTTAGCC 

179 CLVKQKTKVPFEVIVIDDGSQED 

533 TGTTTAGTAAACOLJAAAACACATTACCXIGTTTGAAGTTATCGTGAC^ 

202 LSPIIRQYEKKLOIRYVRQKDKG 

604 CTATCACCGATC1^T<:X»:CAA¥ATGI0\AATJUUVTTGGATATTCGCT 

225 FQASAAHtlHGLRLAKTDPlGLLD 

61 3 TTTC AAGCC AGTGOGGCTCGG AAT AT GGG ATT ACGCTTAQCAARATATGACTTTATTGGCTT ACTCG AC 

248 CDMAPHPLWVHSYVAELLEDDDL 
142 TGTGA^ ATGGCGCCAAATCCATTATGGGTTCATTCTTATGTTGGAGAGCTATT AGAASATGATGA^^ 

271 TIlGPRKyiDTQHlOPKDFLNHA 
& 11 ACAATCJiTTGGTCCAAGARAATACATCGATACACARCRTATTGACCCRAAAGACTTCTTAAATAACGCG 

ADO AGTTTGCTT-GAATCATT ACC^GAAGTGAAA^CC?ATAATJV3TGTTGCCGCAAA^GGGGAA^ 

3n SLDMRLEQFEKTENLRLSftSPFK 
94 9 TCTCTQGATTGGCGCTTAGAACAATTCGAAJWACAGAAAATCTCCGCTTATCCGATTCGCCTTTCCGT 

340 FFAAGNVAFAKKWLUKSGFrDEE 
1018 r^TTTTGCG<5CGGOTAATGTTGCTT^CGCT^JUUiAATGGCTAAATRAATCCGGTTTCT!^TGAT^ 
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363 FWHWGGEDVFPGYRLF'RYGSFFK 
1087 rX'StJaaXTSQQX'SQ&tJSi^^ 

38G tidgihayhqeppgksnetdrea' 

1156 PJC^KWGMGGCM'TATGiGOCTI^i^^ 

409 GKNITLDIMREKVPYIYBKLLPI 
1225 GG3UUUUULTATTACGCTCG7LTATTATGhGAGAA»U3^^ 

432 ED5KIHRVPLVSIYI PAYHCAHY 
1294 GJUWaATTCGCATATCMTAGAGTACCTTTMrTTCAATTTATATCC^ 

455 IQRCVDSALHOTVVD LEVCICND 
13 63 ATTCAATOTTGCGTAGATAGTGCACTG7^TCAQACTGTTGTTGATCTC3Q^ 

476 GSTDNTLEVIHKLYGKNFRVRIK 
143 2 GGTTCAACAGATAATACCTTAGAI^GATCAATAAGCTTTATGGTAATAATCCTJ^^ 

501 SKPHGGIASASKAAVS FAKGYYI 
1501 tCTWATCAAATGGCGGAATAGCCTCAGCATCARATGC^ 

524 GQLDSDDYLEPDAVELCLKEFLK 
1570 GGGCAGTTAGATTCA6ATGATTATCTTGASCCTG»GCAGTTGAACTGTGTTTAAAAG1UVT^ 

547 DKTLACVYTTNRHVKPDGSLIAH 
1639 GATWU^GCTACX:TtGTGTTTATACCACTAATi\iGA!UW:GTC^ 

570 GYHWPEFSREKLTTAMXAHHFRM 
17 Oe GGTTACAATTGGCCAG AATTTTCACGAGAAAJACTCACAACGGCTATGATTGCTCRro 

593 FTIRAHHLTDGFHEKI EMAVDYD 
1777 TTCACGATTAGAGCTTGGCATTTAACTGATGG&TTCJUkTGAlUUUUlTTGAAUTGCCGTAGACTATO 

616 MFLKLSEVGKFKHLHKICYKRVL 
1 S 4 6 ATGTTCCTCMACrrCAGTGAAGTTGGAAT^TTTAAACATCTT;^ 

639 HGDHTSIKKLGTQKKHHFVVVNQ 
1915 CATGGTGATAACACATCAATTA^VGl^CrrtGGaiTTCAAMG^ 

662 SLNROGITYYUTOEFDDLDESRK 
1 9 B 4 TCMT AfJ^TAGACAAGGCATAACTTATTATAMTATGACGW^TTTG ATG ATTT AGATGAAAGTA^^ 

685 YlFNKTAEYQEEIDILKDIKllQ 
2053 TATATTTTCMTAAAACCGCTGAATATCAAGAAGAGATTGATA^rCTTAAAAGATATTAAAATCATCCAG 

708 KKDAKIAVSIFYPKTLNGLVKKL 
2122 AATAlUWSATGCCnJUU^TCGCAGTCAGTATTTTTTATCCCAATACATT 

731 KWIIEYUKNIFVIVLKVDKWHLT 
2191 A)w:aATATTATTGAATATAATAAAAAT ATATTCGTTATTGTTCTAC ATGTTGATAAGAATCATCTTACA 

754 PDIKKETLATYHKHQVNILLMWD 
2260 CCAGAT ATCAAAAAftGAAATACTAGCCTTCTATCATAAACATCAAGTGAATATTTTACTAAATAATGAT 
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777 ISYYTSNRIpIKTEAHLSNIKKLS 
2329 ATCrCMATTACACGAGTMTAGATTAATMA]^^ - 

800 QLMLHCEYIIFDMHD&LFVKHDS 
2398 CAGTTMATCTAJUlTTGTGiU^TACJlTCATTTTTGATJy^T^^ 

623 YAYMKKYOVGMKrSALTaOKlEK 
2467 TATGCTTMATGIUUAIUlTATGATGTGGGCATtiMTTTCTCAC^ 

846 I»AHtPPKKLIKTYFNDHO .LK€H 
2536 ATCAATGOGCATCCACCATTTAJUMGCTCATTAAJ^ 

869 MVKGASQGMFMtYALARELLTlI 
2605 AATGTGAAAGGGGCATCftCARGGTATGTTTATGACGTATGCGCTAGC^ 

892 KEVtTSCQSlDSVEEYKTEDIWF 
267 4 AAAGAAGTCA!CCACATCTTGCCAGTCAATTGATAGTGTGGCAGAATATAA^ 

9i5 QFALLILEKKTGHVFUKTSTLTY 
27 4 3 CRATTTGCACTTTTARTCTTAfifiAARGAAAftO^G^ 

938 MPWERKLQWTNEQIESAKRGEtJI 
2812 ATGCCTTGGGAACXaAAAATTACAATGGACAAATGAACAAATTGAAAGTCK^AI^^ 

961 fVNKFllMSITL*- 
2881 CCTGTTAACAAGTTCATTATTAATAGTATAACTCTATAA 
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